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ABSTRACT

* This memorandum designs amd compares'the cost of alternative
communications networks for the dissemination of EE&IO/fg computer-
aided instruction. Four»communication technidhes are compared: :

Teased telephone lines, satellite communication UHF‘TV and Tow-power
-microwave radio . For each network design, costs per student contact
hour are computed These costs are derived as functions of student
population density, a parameter which can be calculaged from census
data for one potential market for CAI, the public primary and sécondary
schools. Thus, calculating costs in this way allows us to determine "
.which of the four communications alternﬁtives can serve this market
least expensively for any given area in the U.S. The analysis
indicates that radio dns!ribution techniques are cost optimum over a

wide range of conditions.
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ALTERNATIVE NETNORK DESIGNS FOR |
Y AN OPERATIONAL PLATO IV CAI ‘SYSTEM -

L

1. PURPOSE AND SCOPE OF THE STUDY

*

1.1 INTRODUCTORY REMARKS - e

The purpose of our research is to design and evaluate

communjcationsfhetworking schemes for distributing computer-aided i
_instruction (CAl). We consider four alternative communications

techniques - 1) [Jleased telephone 1ines, 2).sate111tes, and 3) microwave

or 4) UHF rai}él, We evaluate the cost of each proposed scheme in dollars

_ per student <ontact hour, and based on this evaluation, we show how to

decide. on /a best imethod for distributien. This decision depends on
the distance of the CAI site from the central computer and on the: !
number /of terminals at the site. .

nvorder to guarantee that our problem is well-defined, we propose
two /important constra1nts on our design work /F1rst, we use the PLATO
"IV system deve]oped at the University of ITlinois (1)* as the example

_ AI systenm,, 1n oUr analys1s Second, we cons1der‘the specific prob]em

f delivering PLATOQIV CAI to public primary-and secondary schodls.

*The numbers in parentheses in the text 1nd1cate references in the
Bibliography.
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We believe tha these constraints. whi]evmaking_the problem we solve a

¢

realistic one, will not restrict the generality ¥f our results. ;

[
L4

'PLATO IV serves our needs well as an example for analygis: ‘Its;
characteristics are, we believe, likely to be representative of those
of future, 1arge CAI systems.. Moreover, its communications needs cou]d
be served by a host of different netLorking schemes, s0 our ana1ys1s
should not be restricted in its genera]ityrby quirks of the gystem. :
Our second constraint, the choice of public primary and secondary !
schools as our market, also gives our research acrealistic basisf but
does not excessively restrict the generality of our results. The public

school system is a large and demographically diverse market; there are

almost/so million students in public primary and secondary schools,*

and“they live both in crowded cities and in sparsely popu]ated rural
“ameas. Thus the public ‘school system is large enough to justify the
_ deveiopment of a CAI‘systemvand'diverse enough in density to require
: many alternative schemes for CAI distribution. '

The quant1tative measure to be used in comparing various .
communicgtions methods is the cost of communications per student
contact hour (S.C. H{), ca1cu1ated as the cost of communications per
month divided blthe number of student contact hours per month. ®Cost
per S.C.H. has n used as an effic1ency indicator by other researchers
(2, 3) because th;s measure facilitates comparison of costs with
traditional educational systems. Although costs per S.C.H. can be

compared’?or CAl and§traditionai education it is difficult quantita-

effectiveness of one hour of each type: of

1

tively to compare th

*Hereafter any reference to schools means a public primary or secondary
school. °
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instruction. (%) However, studies to date (4, 5) indicate that CAI can

be significantly more effectiye than traditional educ&&ionaivmethods.
Thus computing costs per S.C.H, aids in comparison but does’not insure’
a common basis far compar1son in regards to overall qua]ity of learning.
An analysis of the inherent educat1ona1 content of ehl and traditional
education systems is* beyond the scope of this study

1.2 .ORGANIZATION o

Chapter 2 describes the PLATO IV CAI'system's present configuration'
w1th’spee1a1 emphasis on the commun1cations methods” employed to send
data to, and’rece1ve it from, remote sites.: The chapter reports the:
communications costs for the techn1ques now used and offers an
argument for increasing system capacity from 1008 active.terminals per
" system for the present experimental system to 4032 active terminals
for opé;ational systems. . : R

Chapter 3 presents an analysis of leased telephone 1ine distribu-
tion systems for PLATO IV. It desc¢ribes, and computes the prices for,
(various phone company services and devices. We demonstrate that
systems costs are functions of the number of'terminals at each remote
' site and theydistance from the remote site to the central computer.
then indicate optimum netmork configurations for various possible

/'- P

termina] distr1butions

Chapter 4 d1scusses how satellites can be used to distribute PLATO
k]

IV's data. 7 We propose two systems for satellite delivery to schools
The first employs a satellite "Tink in the forward (computer to user)
channel and uses phone 1lines in the return (user to computer)\channel.

VThe second employs satellite channels in both directions. Systems are
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costed and characteriStics unique to satellite distribution, such as
v ’ ‘propagat1on delay of data, are d1scussed S ”Hg-
Chapter 5 presents two rad1o broadcast techn1ques for sat1sfy1ng
. " PLATO's commun1cat1ons requ1rements These are UHF TV and-omn1d1rec-'
. : t1ona1 microwave broadcast. Chapter 5 also presents a description of
how repeaters can be used to'extend the systems' ranges. We present.

ﬂ;_,.Q\Q;?)y)/rcosts that ?fe(::nctions of thé number of remote sites and of the .

extent of repeater use for range extension.

N I . By adding maintenance and equipment costs, Chapter 6 adjusts the 2 ;ti
: . A ™
I costs derived in Chapters 3-thr gh 5 so that they can be compared. e
T\\\\n\ . we propose student population_density as a basis for compar1son that
i 2\

-~ a-lends 1tse1f to easy use as a predictor of the most econom1ca1
_ \\\\\commun1cat1on techn1que and we transform a]l costs into functions of
. th1s user parameter We then point out, areas of app11cab111ty for the
’ var1ous techno]ogik a map.of the United States based on the average -
9 f, ,h " student populat1on dg§s1t1es computed for each state Chapter 6 also

% indicates a few poss1b1e modifications to the PLATO IV commun1cat1ons
- "%5\§h-/éystems that wou]d 1ncrease re11ab111ty and decrease costs. (
k\‘;‘:( 3 ‘-ﬁ" “. t‘ .‘ ‘ | '  ‘ “ a | o
\"5‘*‘%@ . ‘ | T
g . . - . ' ¢

S ;- SR _ =




",_2,1 INTRODUCTION

/

i.@

-

\5_'

4

Nf,, : 6f\ | S
fo2. THEC UNICATION SYSTEM OF THE PLATO IV [CAT PROJECT : L

4

i
gt ¥

-

PLATO IV is a CAI system, developed at the gn1vers1ty of Il]ino1sq P
Champaign. capable of 1nteract1ng with as many as 1008 user term1ﬂals ;

7

s1muLtaneousty (6) Students at the PLATQ term1na1$,are able to

rece1ve 1nd1v1dua11zed 1nstruct1on at a rate wh1éh 1s determ1ned by )

the1r 1earn1ng capab111t1es Courses range from bas1c mathemat1cs

and Engl1sh grammar to continuing education for profess1onals | .
PLATO Iy 1s a good example .of a largeocomputer a1ded 1nstruct1on |

system Hence it was chosen for our study ef commun1cat1ons techniques

for the distribution of large CAI systems This chapter presents a

technical description of the PLATO IVcsystem in terms of communications

needs, present methods of satisfying those needs, and the associated s

. costs. T . R s

2 2 PLATO TERMINAL COMMUNICATIONS REQUIREMENTS

User terminals are capab]e of wr1t1ng 180 characters per second or

' 60 connected 11nes per second. (7) ﬂhe dev1ce can display 32 11nes

of 64 characters. A random-access 1mage selector can project any one
of 256 full-color 1mages onto the transparent plasma panel while it
is displaying a]pha-numeric and_graphic information. A random access
audio devicé records en, and plays back from, an interchangeable 15 ~
inch disk“hhdch‘hoids'up to 20 minutes of recorded messages. Thus the
term1na1 offers 1nstruct1on through a wide variety of educat1ona1 med1a
2.3. THE PLATO COMMUNICATIONS SYSTEM CONTROL DEVICES

F1gure 2.1 (7) is-a block=diagram of” the PLATO IV system. " The large

central computer is a Contro! DatayEorporat1on "Cyber 73." Two of its

v 9

: .
e "

. . -

Vel
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.‘ 12 anut/Output channe]s conversegmth the PLATO IY/Network Interface
Unit (NIU) wh11e others control the var1ous per1phera1 devices (pr1nter, '
d1sks, magnet1c tape etc ) The NIU cons1sts of an input contro]]er, f
an output contro]1€r and a digital te]ev1s1on transmitter (DTX)

The input . coﬁtro]]er polls all 1ncom?ng 11nes from the PLATO T
network for the presence of data. ~~0nce data is rece1ved the 1nput
contro]]er tags it with a s1te address, checks par1ty, and passes

it on to the computer via the I/0 channel.

1

The output controller accepts data from the computer and read1es
it for transm1ss1on over the PLATO nethork to the designated user:
The output contro]]er delivers data to the DTX, where the data is \ ;‘
‘encoded 1nto a,format compatible w1th standard commerc1a1 television
equ1pment (8) for transmission over a suitable commun1cat1ons channe]
to the site controllers. One NIU is capable of serving 1008 act1ve , ' Y
termina]s, | | ' 1/////
As“seen in Figure 2.1, the e1te controller-contains a digital ,/////

Ve
television receiver (DTR), a distributor, and a line concentrato/,/

The orwmal design placed the site controllers at the re ﬂ/te//éer. T

A\

classrooms. Because d1ff1cu1t1es have been encountered acquiring
W1de band data service necessary to feed remote site ¢ ntrollers, the

site contro]]eri\are placed at the computer site, contrary to original
/

plans. . B ‘///
. ' , / :
The site controller's three components—cafl be categorized according ,.

&

e T

to,theirqunctTohs . The DTR and distributor are for computer to

user commun1cat1ons while the concentrator is for user to computer

communications. The DTR recovers data from the TV signal for the

32 users it serves and distributes it to the appropriate users. The

17 C




Tine concentratgr transmits data from as many as 32 users to the

compUter'ov-r a single low data rate (4800 B/S) communications channel.X:

S1nce a sAte controller serves 32 users' termina]s"there are 32 site

\

contry 1ers in a system with the maximum number of users (1008)

Cpmmun1cat1%ns between the user ‘terminals and the computer take

| _-lace over two independent channe]s;/ One is a high data rate channel

o :
for transmission of data to the terminals, while the other is a

1ower data rate channel for the transmission of user's requests and

responses 1in ‘the reversg direction, - to the computer -The data

- transmission rates needed/m the forward (computer to user) and

reverse (user to computer) channe]s»have been.set by considering

. ind1vidua1 user demand stat1st1cs. ' .

. The user termdna] ab]e to’ receive and write on the disp]ay at
a rate of 720 words per m1nﬁ§E; a fairly high user reading rate. To

achieve this writing rate, 1260 bits of data per second must be sent to

,‘the terminal n : %q

The reverse channel data rate can be set by assuming- that a11
1008 users are sharing the communication lines equally. Setting the
individual rates at an acceptab]e 1eve1 for this worst case guarantees

good system performance. It has been the experience of..the PLATO

system designers that the minimum acceptab]e typing rate for an

experienced typist is rough]y 60 wpm. (6) At 17 bits per character,

5 chatacters per word, and 32 users per site contro]]er, this réquirement
dictates a data rate out of the concentrator of 2,720 bits pér second
(B/S); This return capacity would be adequate if users could be limited
to a burst tyning rate of 60 wpm. However, when typing the word,

"the," for example, a typist enters data at a rate above his or her

/ .
/ -
X . i h Sy

18
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4é,gBased on site controller output rates of 4800 Blﬁjjthe NIU must receive

average rate of 60 wpm.. Therefdre, it‘was\empiricaily decided that

average rates of nearly .100 me should be actommodated. To sétisfy -
this requirement, and to'interface with the phone system, the
‘rate out of the s1te contro]ler s concentrator was set at 4800 B/S ’
a common rate for a telephone Tine. Th1s capac:'lty afMows users a
Q§§1mu1taneous burst rate of about 90 me This is qu1te-suff1c1ent )
in view of the fact that spot checks (6) of channpel usage during
~actual operation indicate a Jong time average of-Z\me. |
Surimarizing the communications requirements for the individue]
:user'and his site controller, the maximum terminal‘%nput dat; rate
is 1260 B/S or 40.320 B/S to each site controller. The maximum output
data rate from each site contro]]er is 4800 B/S, which sets the
average output.rate from each terminal at 150 B/S or roughly 90 7 \
‘words per minute These results are given in Tab]e 2.1.

2.4 CPU AND NIU CHARACTERISTICS

2

-i'g‘t_

These data rates determine the‘rates at-which the NIU's and CPU
_ need to operate. Since there are at most 1,008 users, each receiving

1260 B/S from-the NIU, £he NIU must send out 1.2'x 108 B/S or 1.2M B/S.

at a rate of 1,512 x 10° B/S or 151.2K B/S. The CPU must be abBeeto
send and receive at the rate of the NIU. Therefore input/output rates
for the CPU are’thensame,as for the'NIU. The communication specifica-
tions for the CPU and NIU are givengin Table 2.2. ‘

The computation. speed of the computer, and the amount of computation
required by each request, determine how.long 1§,w111 take for the
computer to react to the users’' requests. System designers have set A |

the average reaction time at one tenth of a second. In addition,

q-31 e ‘ \
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Table 2.1: Communication Specifications For PLATO. IV

User Terminals and Site Co?}rollers (7) ‘ A
TERMINAL . ", DATA RATE '
' © Bits_Per Second - : Words Per Minute (WPM)
INPUT RATE (MAXIMJM) From CPU 7760 720
>0UTPUT RATE (MAXIMUM) To CPU - 4800 . “3100f7i
* QUTPUT (AVERAGE*) ‘ 150 90
'SITE* CONTROLLER | DATA RATE (MAXIMUM)
o ) Bits Per Second Words Per Minute (NPM)
INPUT From CPU ¥ 80,3 23,080 o
OUTPUT To CPU n 4800 . 3000 v

14

Table 2.2: Communication Specifications For! PLATO IV . o
NIU and CPU ,

A

'NIU  IN(Bits/Sec.) ~ OUT(Bits/Sec.) CPU IN(Bits/Sec.) OUT(Bits/Sec.) '~

151.2x10° 1.2x10° 151800 1.2x10°
4 / . [ /
*Maximum rate reached when only one terminal of the 32 active.

*Average rate for equal usage by all 32 users.

-5

NOTE: AT1 data communications are at a bit error rate <.10




designers have observed‘that the average respénse uses 1000 computer a

1nstruct1ons and they have exper1menta11y determined that the ./fw‘
average student request rate Was .25 requests per second. For 1,008 X ,V :
-students that means 252 requests\per second. F1na1Ty(xhey have used
these data in an equat1on from queueing theory (9) to relate average
waiting time (E(w)) to request rate, (M), standard deviation of
request rate, (o), and average execution time, E(t): ‘

E(w) = %,,—E{-"r,%}%zy . o (2.1)

The resu]ts indicated that 1 008 users could be‘served'by any of
several ex1st1ng large sca]e computers, 1nc1ud1ng the CDC Cyber 73,
which was chosen for system 1mp1ementat10n ’ |
2.5 PRESENT PLATO COMMUNICATIONS'CONFIGURATION

This section describes the communicatiens netwohks.present1y
serving PLATO, There are about 900 users in‘the,PLATO'IV system (6).
They are §eatte§e§ffren Maine to California, nith a significant
fraet;en located inthe Champaign-Urbana'area. Terminals are connected
to the system by one of two communication channels: 1) leased (or
dedicated) phone 1lines and 2) hicrowave radio. Figure 2.2 gives some /
examples of how users are present1y connected. Note|that whi]e'some
terminals are 1ocated at the actual computer site, others, located at
a distance, share a véﬁﬁe grade line with three fel}ow’users. Still |, ,,f

others receive data on a microwave radio channel.

%

¢

),

2.5.1 Communications with Local Terminals

Local terminals are connected by wire cab1es directly to their
associated site controllers The site controller is tdnntcte& directly -
to the NIU. This is the- simplest and least costly method for supp]ying

the required communicat1ons for terminals 1ocated at the computer s1te

21
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.Locafl Site SC - e o o o sc ;
Controllers . :

| BN A
M/M N : \\’C ] : |

X1

M/MJI—) 'SC :"J | | : ’ a

//,4?,// : }. [ 4_ £0C
‘ <, | | CYBER "73".
* S :
° 3 NIU" [ computer
M/M ‘ . System
/‘ - SC q . .
O . M Locar Modem/Mudexes .
‘ . and Site Controllers
C)'/I'Remote' : R
Modem/Mudexes
fand Terminals Jb
y -
, | .
Omni- | M1crowayg\ ‘
Directional Transmitteér
e~ Antenna

A

Receiver/| R/D || o o = o - R/D
Downconverters ,L

Remote Site SC I~ SC

e S A

Remote
Terminals

*Note: A1l 1inés into NIU are 4800B/S; those to SC's from NIU are 1.2MB/S
Figure 2.2: Examples of Present PLATO IV Network (7) .
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¥ ' Communications with remote terminals is carried by either radio or

s

'te]éphoneylines wiith associated digital communications hardware.

- 2.5.2 Telephpne Communications for Remotely Located Terminals

-

S In order to u derstand the PLATO IV nlemote terminal communications

scheme, cons1der F1_ure 2.2, This diagram shows how users in

’ Ca11forn1a, for exa pTe, are tied 1nto the system. We see that the

s1te contro]]er for|"telephone-Tline" users is located at the central

computer site, rathdr than at the terminal 1ocatioﬁif,lt sends data.
tb and receives data from;'a“Modém/Mudex (MODulat r-DEModulatdi/
MUTtiplexor- DEmu1t1p1eXor) Each of the modem/m es js-connected
to e1ght full-duplex (two way) telephone lines, /;2ﬁ4%35ab1e of
carrying 4800 B/S in each direction. Each of these e1ght-11nes .

- travels from the computer site to thé user site, where it is’

connected to a remote modem/mudex. - The remote modem/mudex, in turn,

4 serves four user terminals feceiving 1200 B/S -apiece.
e )
d . A11 mudexes operate in am asynchronous-demand-time-division-

ﬁﬂ?tip]e-access (ADTDMA) mode. That is?'ﬁ:z;s dgmand the channel 1n

d

| an unsynchron1zed (from one-usér to others) manner, thereby sharing

* N " | the time available on the mudex. The remote mé%em/mudex. for example,
' \

polls the data lines from the four users assigned to it, and when one
; of the.lines 1nd1cqtes a key has been struck, it informs the three non-
! keyed users that it is busy sending‘the depressed Kgy.' Any key presses
| of the other three users during the interval thatftﬁe depressed key is
/' being sent are sto;ed in a one word buffer.for-tra;smiss;on immediately
/ following the ﬁresent tmmjssion. The longest .time any I@ has to
/ wait before be{tg transmitted is the 1quth of time it takes to send

o three keys, i.e! one from each of the other three users; Therefore

<3
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each user is guaranteed one-fourth of the output data rate of .

the ‘remote mudex, which means 1200 B/S per user. This ratg,'f

- corresponds to 3100 words per minute, far above any uger'typing

capability. . , .
The Tocal modem/mudex polls the remote ones”far datagﬂwhiCh
it multipTexes onto the 4800 B/S fu 1'dup1e§/4#ne'to the site

confrgl]er, again usind‘?he ADTDMA ‘This t1mgxthEa1ncom1ng

- 11nes share the outgoing Tine with sieven other 1ncomang Tines each

A\

i

4

carrying data from four users Ther fGre when all 32 users share this
“Tine equal]y, they send da@a over 1; at a. rate “of 150" b1ts per second
wh1ch corresponds to a typing raté of about 90. wpm. Stat1st1ca11y :

speak1ng” the channe] can suppo?t burst rates much greater than 90

/
“wpm. In order to insure tha/ no data is Tost at the local mudex, each

of the eight lines is buffered by a me ry capable of holding four |
keys. Thus, if the s1te controller 1s ending data from other users
to the NIU, new data will be stored rath“r than lost. (6)

bnce,data is received at the:NIU, it is sent to the computer, where
the appropriate response is produced and sent bagk along the path of
full duplex Tlines over which the corresponding request arrived. In
Ordeq to realize rates of 1200 B/S to eaah§térm1na1, there are eight
half-duplex 1ines of 4800 B/S sent from the NIU to'each site_contaoller,
2.5.3 Microwave Radio Cbmmunications.for Terminals :in the Urbana Area

Microwave radio is the most recent addjtion$to PLATO IV's
communicaiioa system. Four PLATO IV classrooms bf.32'tarm1nals have
been added to the system by this method, The claéérooms 1ie within ‘
15 miles of the University of I11inois campus in Champaign-Urbana.

" The block diagram of the system is given 1n‘Figure 2.2. The

P
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d1gita1 te1ev1sion transmitter output of the NIU 1s sent to a
microwave transm1tter, where a 2,150 MHz carrier is modulated and
transmitted with a power of 10 watts-through an omn1d1rectiona1
antenna. Each classiroom has a m1crowave rece;ver and a downconverter
(R/D) These devices convert the received -signal 1nto a format
compatib]e with the site control]ers The s1te contro]]ers send
1200 b1ts7sec to each user'’ S term1na1 Requests. from the 32 users '
are po]]ed concentrated at the site contro]]er. and sent via one
ha]f—dup]ex phone 11ne to the NIU (6)‘ By us1ng a radio transmitter

in the forward d1rect1on the cost of transm1tter and rece1ver/
{

_downconverters is subst1tuted for the cost of numerous telephone Tlines.

Furthermoere, the, incremental cost of adding the N + 1st group of 32
terminals at a new site within the coverage area is on]y the cbst of

~Ore uwre receiver/donn wnverter p° N 1 1 Limes the ‘ ,
one more receiver downconverter p]us + 1 times the cost of the

transm1tter This is true on]y s0 long as N + 1 does not exceed 32,
s1nce the m1crowave channel serves a maximum of 1 ,008 users. --
2.5.4 Cost Comparison:. Microwave: vs. Telephone for the Urbana Area

‘Microwave costs conpare fayorably)to the costs of modem/mudexes
and telephone Tines, as the‘fo]lowing‘quantitative discussion of
costs shows. * A

Users 1ocateddat the computer site pay thedlowest communications
/costs. They have only to pay for their sharé”of the site controller
,//'anvaIU costs and a minimal installation charge for lines to-and from
the s1te'contr011ert The NIU costs $30,600 and site.controllers cost
$9,000 apiece. ﬁ '

Renote users nho are connected Via*te]ephone-]ines pay for their

share of the NIU and site controller plus additional costs_ for leasing

25 . ! ‘ [
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the Tines and buying the modem/mudexes needed. Modem/mudexes made
Dy Penrii cost $5 000 for the pair of one local and one remote
type (6) Teiephoné iine rates are based on numerous factors
inciuding distance and density of 11nes over that route The latter
factor is what Beii Teiephone calls its "high or Tow D"i(density)
tariff As of August’ f974 a fuii -duplex 1ine from Champaign-Urbana
to Los Ange]es, Caiifornia cost $1 000 per month Eui1-duplex Tines
cost only 10% more than half-duplex Tines. |
Communication costs'for theqmicrowave radio system include the
cost of the transmitter, the antenna and tower, and the cost of the
‘ ‘receiver/downconverter and the antenna. The 10-watt transmitter is :
.ibeing Teased. for about $1500 per month with standby spare from Mfé?%
Band Inc. Reqeiver/downcdnyerters are leased for?$40/month from_the
same vendor. .Tahie 2,3 summarizes costs for various sections,Of
the above'communication 1Jnkse Users linked via the microwave-system
pay about $5 per terminai per month. If they are connected via
telgphone iines instead, costs wouid be about $45 per terminal per
, monthr The remainderoof this thesis describes costs of various
communications networks in- detail. | - ) ‘ o

2.6 OPERATIONAL CA?ACITY OF PLATO IV

The 1008 terminai capacity of ﬁhe PLATO IV system under development

" at the Univers1ty of Iiiinois represents a Tower bound rather than
an upper bound. (6) ThiS'conservative estimate ot'syszem capacity is
due to' two constraints imposed by the experimentai nature of the

present system. First, it is generain true in the experimental sysfem

that groups of 32 users are not'simuitaneousiy working on a given‘iesson.

If most users shared lessons, PLATO would have to store only one lesson

26 -
4 ]
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. Table 2.3: Summary of PLATQO IV, Communications Co§2§l(6)

o

7

ITEM - TERMS

Voice Grade f_ ) Rented
Telephone 1line (4800 -
Band) Full-Duplex

Moden/Mudex - Bought

Site Controller ' Bought

Network Interface Unit Bought
(NIU),

‘Microwave Transmitter Leased

(includes spare)

. - Transmitter tower and ., Leased

Antenna

Receiver/Downconverter Leased

PLATO 1V Bough’f
Terminal (less audio) X
PLATO IV Terminal Bought
with audio ~ o

A

Notes:

3

++pudio is optional.

. NYMBER NEEDED o
PER TERMINAL ~ COST

)m.25 : | .
L . $5,000
%2"' - $9,000
1 o sso;ooo
*x $1,500/month

e "\Inbl. with , -

Transmitter
+ . "}407month
1.0 $5,300
oo $7,800

4

. - . ) . y :
*Costs are computed as functions of distance and density of dafa trans--
mission between user and computer. ‘ .

. v : '
**Microwave System can serve all users located within 15 miles of tower.

+Recei ver/Downconverter can serve from 1 to 1008 users.

oo

{
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. consume 1arge amounts of CPU time ‘and core memory ‘causing a

idete 1orat1on in the system s response time to students 1nguts ,5

< -18-

in fasthaccess corg memory per 32 users. Second, many-of the .

““terminals are being used for authoring and other operat1ons that

-

afd inits capac1ty Therefore the system 1s lTimited by its corem e

memory size and by its computat1ona1 speed .
_In an operational system users m1ght be grouped in groups of
.nearly 32 users and might share 1essons more frequEntly, re]ax1ng

-

the 1;mitat1on ‘imposed by ‘the amount of r'ore mempry available.

" Authoring, progress checks and other adm1n1strat1ve'functwons could //

be done in the;evenings when the_systém would otherwise be unused. ‘/

Horeover, if the use of PLATO becomes wfdeSpread, course production

‘cou]d'be centra]ized' which would reduce this 10ad on most'of the

1

systems Thus the CPU in an operat1ona1 system may execute only

e

1esson mater1a1 and not have to create new mater1a1 or modify

s old. 1essons and +herefore the- 11m1tat1on imposed” by the copputat1ona1

speed and caoac1ty of the CPU could be re]axed o ~\h\
Based on these 11ke1y d1fferences betneen the operat1ona1

system and the exper1menta1 system, we assume a system capaC1ty of

f4032 terminals in developing ocur commun1cat1ons network designs for

operat1ona1 PLATO IV systems.

S

A
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3. DISTRIBUTION OF PLATO IV OVER LEASED TELEPHONE LINES -

. N . . o A
3.1 METHOD OF ANALYSIS | |
‘_V' Thts chapter*designs optimal, telephone-based communications
?systems for PLATO oiStributiOn'and calculates their costs. ﬁection
3.2 describes available. phone company services and state-of—the art :
1nterconnect1on dev1ces for 1ncorporat1on in system des1gns Th1s
Se!t1on a]so defines hardware functions and 11m1tat1ons, and 1t
d1scusses te1ephone services. and rates. Sect1on 3.3 g1ves poSS1b1e
netxork conf1gurat1ons us1ng the serv1ces and dev1ces @escribed 1in
A -Sect1on 3.2. In Section 3.3, we tabulate costs and give a decision
| criterion for f1nd1ng the most econom1ca1 conf1gurat1on The*best L&
conf1gurat1on decision 1s a function of the numben.of users at a - <
remo}e site and the d1stance between the remote s1te and the central ;
computer. Sect1on 3.4 presents examp]e conf1gurat1ons and illustrates -
_how the prev1ous Sect1on can be used by designing example networks
~ Thus, g1ven the bas1c characteristics of a remote CAI s1te one can
‘ f1nd the least cost]y commun1cat1ons network emp]oy1ng 1eased ’
telephone lines using the information presented in this chapter'

[
. 3.2 DESCRIPTION OF TELEPHONE SERVICES AND HARDWARE. DEVICES

Our discussion of telephone services will be restricted to those

offered over voice grade lines. The Bell system offers a special
fifty-six kilobit per second (KB/S) data service in addition to the
more popu]ar 1200 2400, 4800, 7200 and 9600 bit/sec (B/S) rates
available over vo1ce grade lines. However for our app11cat1on the
cost of the 56KB/S service is proh1b1t1ve, costs for line 1nsta.1at\on
- or acéﬂisition and increased'costs of modems and multiplexors, capable

-

of operating at 56KB/S, are much higher than those for voice grade

Tines (10).

<9
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In deciding the 1east expensive way.to connect a group of
htermina]s'to the system, we consider the,relative costs of necessary
‘hardware devfces (modems and mu]tip]exoeremultiplexors) as well asm
the cost of the telephone lines. Deciding which of two bit rates to v
use, for examp]e. is based on cost ‘trade- offs between more sophisticated

(and more costly) hardware on one hand ‘and the cost of additional 11nes

~on the other '

| We will see four wayS'that users can.be connected over telephone s
lines. Decisions as*tgﬁwhich network is the most economicai for a‘_ |
giyen site depend on_the number of users at a site and the distance

from the site to the central computer ‘ d L o .
7, Table 3. 1 (10) presents the month]y charges for AT&T te]ephone |

| 1ines1 The Table is divided into two parts; 3.1.a) g1ves charges for

‘the Tines and 3.1.b) gives charges for auxiliary services in terms

of installation and monthly costs. Tab1e 3.1.a) gives costs of the

basic "3002" voice grade (300-3 KHz) Tine. Customers arT charged either

by the quarter mile or the m11e depending on where the cjmputer and user

sites are located, Zones and exchanges.are defined by A &T To find

out exactly which rates app]y in a spec1f1c instance, one mhst\contact

S~

h1s local AT&T bus1ness office.
- -Table 3.1.b) shows prices for interface circuits needed to'"protect"

the phone line from non-Bell hardware devices. There is an installation

charge as well as a month1y charge for“these de?ices Some hardware

devices, espec1a11y those operating at h1gh data rates, need to

operate over a specially conditioned Tine. Therefore Tab]e 3.1.b)

.givés the charges for conditioning a line. Costs are for installation

. _ h- ,
aiid monthly rental. ‘ , .




Table 3.1.a) ATST Monthly Charges for Intra-State Leased Lines* (10)

“
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A

Sérvice

L

Location of User [Line Measured in Installation Minimum Charge per
and‘Computer Increments of Charge Charge Increment
Same Exchange 174 air miles $26 $8.80 | $2.20
‘ 1] zone “n 1] . v " n _
- Contiguous Zone " " " "
Non-Contiguous Zone " \ " " "
—— :
-'.Bet een exchanges 1 air mile o $3.25 | $3.25
(1-250 air miles) o
Between exchanges 1 air mile " none $2.94
(250-500 air miles)
_Between exchanges . |1 air mile " none $2.63
(500 and up) . =
Table 3.1.b) Additional ATAT Charges . o
. — e

.

Cost per Tine per month -

. Instaltatiom cost
. I .

a

$3 to $107

.
T I
»

Interface for’ - $24
non-AT&T hardware’
$27.00 $300

C2 Conditioning

e

*Costs are given for
Tines cost 10% less.

TThis cost depends on type of interface required.
different types in service.

full duplex lines as of August, 1974. Half duplex

A
B Y

There are nearly 80
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F Table 3.1 the 11ne cost per month and per S C H. can be

computed as fo]]ows

, ) . o |
Cost of 1line/month =_l;94-+ P.C. s
Cost/S.C.H. = Monthly cost/S.C.H.'s/month o (3.2)

Whére m is tﬁé number of months to amortization, I.C. is'the
| insta]]at1on ﬁharge and P.C. is the monthly phone company charge.
It shou]d be noted that the number of months to amort1zation in Equation
(3.1) refersé%o hardware devices to be used in conJunct1on with the
phone.lineé;and‘not the phoné 1inqs-thémse1ves. Hardware devices ‘are
common]y amortized[oVen a five year period.
-~ In dec1ding what type of hardware to use for a communication Tink
‘ 1nbetwe§% the centra1 computer and a cluster of remote terminals, one
1must cons1der the several possib]e configurations capable of delivering
' the desired service. Either of two types of devices, the ]oca]
- distribution service unit (LDSU) and the modem, can be used'to send
digital data over phone lines. v
An .LDSU can send data ai rates up to 9600 B/S over an uncondit1oned
voice grade phone line to sites 1ocated up to 15 miles away It is
distance-1imited due to the electrical characteristics of its output

e -

data signal (11). s
A In order to enjoy the full 9600 B/S tnansmi§sign eapabi]ﬁty of the
LDSU when each user néeds/to receive on]y TEOO B/S (as in thg*?LATO IV
szstem), it is necessary to combine i;;;@fglex) data from several

users onto tne samé phone line. Multfplexing caJ;es the data rate
over the channel to be the sum of the rates of the individua] users.

When multiplexed data arrives at the user site, it must, be separated ..

(demultiplexed) so that each user receives only the data intended for
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him. In addition; users' dita headed back to-the%cémputer must be

muitiplexed. Therefore, at both the computer site and -the user site, s

data must be multiplexed and demu]tiplexed} -Devices that perform

these two functions are generally called "mux's" in the parlance

of data‘communications In order the emphas1ze the fact that both

MUltiplex1ng and DEmultip]eﬁcng are performed by such devices, they

will be called "mudexes" out this thesis»

As.nany as eight users receiving and'sending'data at 1200 B/S

rough a mudex and an LDSU operating

can share a single phone 1ine

at 9609,@/5 Of course th re must also be a mudex and a LDSU at

the central computer s end of the phone line. Thus users pay Tess

. for phone lines but incur the added cost of their share of the two

mudexes. .

Modems (MOdolator/DEModu]ators), the sacond type of device which ..

can be used to'send digital data over phoné lines, send data using <

different electrical techniques than do LDSU's. As a result, modems

. possess the advantage of being able to send data anywhere, regard]ess

of distance The modem's ability to send data over large distances

is achieved only at a cost greater than that of LDSU' S. Modems are
available for sendingtdata from 1200 B/S to 9600 B/S over telephone

e

Tines. Depending on the modulation’ format employed in the modem, it

- may ‘or may not need a "C2 conditioned" phone Tine for transmission

. at'a giVEn“rate. As a general rule, 9600 B/S modems- need conditioning.

%

However, to be sure, one must consult a service representative of g

& the company which manufactures the device. Modems are Tike LDSU S

in thas they can be used in conjunction with mudexes to allow several’
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useréiqccessfto a'single phone line. As with LDSU‘L, when using

" mudexes néth/a modem and a mudex must be 1ogated at each end of the
phone 1inei '

In order to shnply price information for LDSUﬁs, modems, and

N mudexes Lsed in this study, we chose the line of equipment offered
'jby the Codex Corporation. rBased on market surveys of data connuni—
cations hardware (12), we believe the prices‘of this viable firm
Id to be competitive and thus representative _ .

Codex offers a "Model 8200" LDSU capable of sending at rates of

1200-9600 B/S through unconditioned phone lines over Qistances~up
to fifteen miles. Their 4800 B/S modem has an optional nndex capable
of multiplexing up to four 1200 B/S Tines. The_9600_B/S modem'from
Codex does not have its own ontional mudex. However, a model 910
mudex can be used in conjunction with either the 9600 modem or the
\; 8200 LDSU to allow up to eight 1200 B/S channels over one phone line.
The Code} 9600 modem requires C2 conditioned phone lines. Table 3.2
(13) gives a summary of specifications and costs for the Codex
equipment mentioned above. Figure 3.1 shows how users'can be connected ~ ' '(
" " to the PLATO IV system using Codex data conmunications devices (14).
| Based on the information in Table 3.1 and 3.2, the costs of the
Jexample configurations in Figure'3.1 can be computed. Erom the four‘
N examples in Figure 3.1, we can synthesize any pdssibleﬁiink needed ter

f~\\$>~}§r\*ﬂ/lénnecting a group of users to the PLATO IV system. We present these

cost ca]cu]ations in the next section, and the last section of this

./ chapter synthesizes some example Tinks.

24 - ,
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Table 3.2 Data Communications Devices offered by the Codex Corporation (13)

Modems

With | Conditioned * 1 .
Speed (B/S) | Model | Mudex? Line - # of Channels Price
# Needéd? on Mudex

4800 | 4800C | Yes No 4 $5,475

9600 | 9600C { - No Yes - $9,700 . v ‘
Mudex: Model 910 8 channels 82,160 + §+ $252%
Local Distribution Service Unit (LDSU):

Model 8200. 1200~9600 B/S, unconditioned 'l'ine+ $995

o

*c = Number .of channels.
f8200 LDSU's can send data up to fifteen miles.
| 35
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d) 9600B/S Modem and 910 mudex

el

Figure 3.1: Communication Configurations Uéing Codex Equipment (14)

O— 8200 { f— 8200 site. |
LDSU._| Distancé ‘up to LDSU | |controlter] | NIV
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3. 3 COSTS FOR EXAMPLE CONFIGURATIONS ’
'3.3.1 Configurations Using LDSU's, <,
3.3.1.1 One Terminal Link i;
Termina]s connected through LDSU's must be w1th1n fifteen‘m11es
of the computer. They can use regu]ar unconditioned voice Tines (11)
Monthly costs are calculated by adding the cost of the hardware and
other one-time charges, such as 1nsta11atfon. amortized over a five
year period, to the m6nth1y charges for the telephone 1ines; Table 3.3
(13) 1sla tabulation of costs for a one-terminal 1link as ‘shown in
Figure 3.1a). | . |

3.3.1.2 Many Terminal, LDSU Link

' The LDSU can be used in conjunction g model 910 mudex to:
serve as many as eight users asashown n Fig 'e 3.16. Table.3 4 (13)
itemizes the costs for- connecting users via LDSU's and 916 mudexes --
with and w1thout a- 35% discount for large quantity purchases. .The

e question of whether to usé n "LDSU ofily" 1inks or one LDSU Tink

with 910 mudexes can be answered us1ng data from Tables 3.3 and 3.47(13).
For an urban CAI system of 4032 users, enough equipment wou]d be
purchased to deserve the 35% discount. The decision as to which of -

the first two Jinks shown in Figure 3.1 to use for users within

fifteen miles of the computer cian be stated mathematically as:

) LDSU only . ‘ "
28.39 +y- > 75.19 + 5.46n + r-d -
rf—“Tga"‘%i*! < n-160
LDSU and '
Mudex o (3.3)

g

where_; means if the left side.is larger choose a, otherwise choose b;

r is the phone.Tine rate in do]]ars per mile, d 1s‘the Tine distance in

1
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! Table 5.3 €osts for One Terminal LDSU Link (13) -

2) Withodt 3§§Bdiscount on Codex devices.

: Price each
- Item : Quantity. |(Acquisition and -
. S Per Link | Installation) | Cost/month - . @
“Code x 8200 LDSU i 2 ) $995 $33.17
] L
. - : R ¢ " L : - B
Uncondiﬁioned»TeIephone Line 1 $ 50 $(6.83 + red)* o

Cost/terminal - month = $(40.00 +'r.d) *
*Cast/s.C.H. = ("’5 * {—-g) ¢

b) With 35% discount on Codex devices.

Price each*
(Acquisition and

[tem -Quantity| Installation) Cost/month
| Coddx 8200 LDSU | 2 $646.75 $21.56 ‘
¢ Jv‘“ ! ) :
’ ~ Unconditioned Telephone Line 1 ~ $50 - 1$(6.83 + red)

Cost/terminal - month = $(28.39 + r-d)

z]

. 3
+Cost/S.C.H, = ("3 *1%) ¢ :

Gy

*See Table 3.1 for values of r. r = ($/mile-month); d = distance (air miles)
+Assuming 160 S.C.H./month. ' . '
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Table 3.4 Costs for LDSU and Mudex Link (13)
a) MWithout 35% discount on Codéx devices. Price each
A - ‘ - {Acuisition
. . ° | Quantity | "~ and . .
Item " Per L1nk Installatien)| Cost/month
p , N 17 <
Codex 8200 LOSU 2 $995 - 433.17
Unconditioned: Telephone Line 1 | * $s0 $(6.83 + red¥) -
Codex 910 Mud | 2 42,060 + o
ex Mudex. . o + 2.00.+ 8.40n) .
. . izéz.?n)** $(2 8.40n)
"
2 " Cost/terminal - month = $(112 + 8.4n +

r-d)/n

COSt/S C.Ht = ('|'|2 + 8.4:n +
re d)/lso n

b) With 35% discount on Codex devices.

Price eaclr.

- . | (Acquisition : 3
Quantity and
Item Per Link Installation) | Cost/month
8200 LDSU 2 $646.75 $21.56
Phone Line ) | $ 50. $(6.83 + r.d+)
910 Mudex 2 $1404 + $( 46.80 + 5.46 n)
C '$163.8 (n)
Cost/terninal - month «3{15:19 *+ 5.46 n + r-d)
N n -
' (n19+smn+rd)
+COS§/S.C.H T60-n
#See Table 3.1 for values of r: r = ($/mile month); d = distance (air miles) p)

. #4n = number of terminals sharing a line (1<n<8)
+Assuming 160 S.C.H./month.
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E m11es and n is the number of terminals’ sharing the phone line. The
;'two sides of the decision equation are p]otted as funct1ons of distance
: (d) and number Hf users per Tine (n) @Figure 3.2, The rate per mile
for the phone 11ne is set at $3.00 so that the dependence of costs on
d1stance can be-read11y seen. Figure 3. 2 1ndtcates that the only case
when a site with two~terminals shou]d be connected us1ng four LDSU's -
:and two phone 1ines is when the site”’ 1s within ten miles of~the computer. .
Due to difficu]ty in defining a telephone exchange geographica]]y
‘we were unable to determine where intra-exchange rates should be
substituted for”inter-exchange rates.in equation 3.3. Thus Figure 3.2
| does not have ua]ues for distances less than two miles.
3.3.2 Configurations Usifg iHodems |
When term1na1§/are/10cated more than f1fteen miles from the
computer, modems must be substituted for LDSU's. Two of the more
popular modems present]y available transmit‘data at 4800 or'9600 bits
per second. The 4800 B/S model can serve from one to four--users with
their optional mudex. Costs for systems'configured as shown in
Figure 3.7c are given in Table‘3.5."The cost/S.C.H. is tabulated
twice - with and without the 35% discount for.Targé guantity purichases
(14)..

Table 3:6 gives the costs for Tinks configured as shown 1n.

910 mudex that can accept up to eight channels of 1200 B/S data in
both directions. As with the 4800 B/S modem, there is no restriction .
Y .

/

on distance , o f
A comparison can be made based on the costs computed in Tables 3.5

3

Figure 3.1d. The 9600 B/S modem from Codex must be used with”a model )
!
and 3.6 from which one can decide whether a 4800 B/S or 9600 B/S
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Table 3 5 Costs for Link Emptoying 4800 B/S °
, Modems|and Mudexes
3.52 Without 35% discount
. ‘!
: ' : e - Price - SRR '
“. ' N Quantity/ | (Acq./Inst.) ' '
T Item - : [ Link (each) Cost/month
Codex-4800 moden, B B | $4800 $160.00
4 channelmudex 2 ~ $ 675 3 2@.50 /
/ A : - . o
wﬁe 1ine (unconmtioned) 7 1 $ 50 $(6.83 + r.d%)
e
/,/ . / **Cost/terminal-month = $(189'32'+ r-d)
, ) }
/ \ | _ $(189.33 + red)
s N N N - : + et *
)’/ . : o . cost/s.c.“. 160‘“
3.5b With.35% discount
, ' ’ Price ‘
.. ’ (Acqg./Inst.)
- -Jtem N Quantity - each) Cost/month
4800 Modem . 2 $3120 ~ $104.00
4 channel mudex o ’ 2 - | $438.75 $ 14.63
-~ *- phone line (unconditioned) 1 s$ 50 $(6.83 + r.d)*
Cost/terminal- month 3025, 46 + rod
' _ $(125.46 + r.d)’
+cost/s C H L{ 160‘“ ' . )
. . " J . . . i
*See Table 3.1 for vaiues of r. r=rate ($/mile-month); d=distance (air miles). . e
%*n = number of terminals sharing a Tine (1<n<d). = - 1 .,
suming 160 S.C.H./month. : ) : 7
- ‘ v
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Table 3.6 cOsts for Link Employing 9600 8/S Modems

- and Eight-Channel Mudex N . l
C a) u1thoutAasx discount. . . . 3 '
. - , “
. ' o Price '
o Quantity/ | (Acg./Inst.)
Item Link ?each Cost/month
Codex 9600 moden | - 2 $9,750 Cswso0 0 -
| Codex 910 mudex =~ | 2 | $2,160 + $(72.00°+ $8.40 n)
o , : 1. $252n : : .
.Conditioned Phone 1ine | -1 . - $350 $(38.83 + red*)
' N *+Cost/user-nonth = $(435-83.4 8.40n + rod) -
8 \\J ' N . .
g . ' IR + .- $(435.83 + 8.40n+r-d)
N A . ' Cost/S.C.H. Ty
"~ 'b) With 35% discount.
b Price
Quantity/ (Ac /Inst.) :
v Item Link ?each Cost/month
| © 9600 moden | 2 $6,337.50 $211.25
» 3 - . .
910 mudex : 2 $1404 + $163.8n | $(46.80 + 5.46n)
! ‘phone line (conditioned) | ~ 1 $350 $(38.83 = r.d*)
o~ o | : Cost/term'lndl-ﬂ@th . sj_ggs.aa -:' 5.46n_+ red) -
\ +C05t/5.C.H.= $(296.88 + 5.46n + red '
160n
’ *See Table 3.1 for. values of f. r=rate ($/mile-month); d=d1stan¢e (air miles).
**n = number of terminals sharing a line. -7
Assum1ng 160 S.C.H./month.

¥
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modem can more econom1ca11y satisfy his commun1cat1on needs." ,The
dec1s1on is based on the number of terminals at the .site sharing each
line (n) and the product of rate r ($/mile) and distance d (m11es)
Assum1ng a 35% d1scount th1s decision equat1on ‘can be wr1tten as:

%00 . |
(125.46 + rd) - >  (296.88 + 5.46 Nggoo * rd)

n . .
4800 - 4800_ 9600 T (3.)

where n; represents the number of‘users.sharing an i bit per second
Tink, (1<n4800<4) and (1<n9600<8) The Quantities on either side of

the dec1s1on equat1on are the month1y costs for the two types of

LN

modems.

/'t

Subst1tut1ng n4800 4 and n9600 8 into (3 4) yields:

9600 '
rd rd
' 4800

wh1ch can be wr1tten more succ1nct1y as:

.

9600
rd > 89.68

<

4800 | - | (3.5)
For r = $3.00/mile-month the po1nt at which it becomes cheaper tg use

one 9600 B/S 11nk (w1th its more costly phone line charges and mudex)

h\than,to employ’ two 4800 B/S links, is at abqnt 30 miles. This

crossover point is a function of 4800 and ngsﬁg?asfean'be seen ih

(3.4). To eompare 4800 and 9600 B/S service.cofipletely, one needs to

" get cost per terminal-month as a function of the number of users at

: his_site. This is done by using Tables 3.5 and 3.6 and'comparing

costs for the 4800 and 9600 B/S links for a range of from five to

eight users at a given remote site. For each case a crossover point

-

443




can be established. The results of this analysis ndicate that the

crossover points for five, six, seven and eight users are all between

- 24 miles and 30 miles for r = $3/mile-m6nth. When conneéting four or

fewer users, the 4800 B/S service is cheaper than. the 9600-B/S

regar&l‘ of distance from the central c()iiiputer. , ™!
3.4 SUMMARY OF PHONE SYSTEM DESIGN METHODOLOGY‘

{

Using the above analysis and the prevfoﬁs discussionvof LD§U

sefvide'the phéapest type of sgh&ice can be determihed for any group {

-~ of USgrs{ This guideline is given as Figure 3.3. For more‘thanjgjght i:

users at one site, one pieces together a'system,ﬁith,a'mix of 480@}%; T e

and 960q B/S~1inks. To cqst the syétem one need-only refer to '§:12§;~ 

3.3 through 3.6, and put system.paramepers into the cost eqdatiqps‘h

" computed there. A plot of the.cdst for the optimum configurationlés a

function of distance is gfven.in.Figure 3.4 for r - $3/mile-monfh and

n=28 termina]s‘perwphone Tine. | | -

3.5 NETWORK DESIGN EXAMPLES - . RN
'In order?to illustrate how one would go about designing the most

economical system configuration'using the results of the cost

analysis in the 1ast,seétion, we present thé foT]owing“éxamples.

3.5.1 LDSU Link Example ' ‘ : . | '

Suppose we have a cluster of twenty-five terminals located .ten

mi]es‘from the computer site. Knowing the number of terminals at the

site and the dfstance from the computef to the site, the network

designer can use Figure 3.3 to guide him in grouping usef terminals

so as to minimize communication costs. We fi;st notice from Figure

3.3 tﬁat since links are only ten miles long LDSU's should be utilized -

]

either with or without mudexes. We then notice that Figure 3.2 °

a5
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' n=l LiBU-alone;; 4800 b d
| : R | 45
| LDSU and
_1;2 LDSU alone: l Mudexgl 4800 L d
0 0 15 45
-n=3 LDSU and Mudex | 4800 . . 4
0 5 | 45
n=4 LDQy and Mudex | 4800 d
0o 15 45
” »
L4
n=5 LDSU and Mudex 4800 . 9600 ~
FF,’ L .ka +.d
0 15 24 45
n=6 LDSU and Mudex | 4800 | 9600 L dq
J ] ] -+ + a
0 15 26 ot 45
1;7 PSU and Mudex 44l47 4800 AL, 9600 d
0 15 28 45
n=8 LDSU and Mudex | 4800 9600 )
0o 15 0 ¢ 45

Distance (Miles)
. Figure 3.3: Decision Regions as Functions of Number of Users Per Line (n)
and Distance Between Remote Site and Computer (d)

46




Cost/SC.H. (¢)

0y B
- ‘__...'—;’ : ) _". 45 1 ) - . : ) . P
’"\. , . - ) B o ! - . e
40 4+ ‘.
- M//<
C:»,':) ‘ — M n
35 4
304 '
25 -
| 154 : - . |
t v o . )
104 i : ' . .
. ’ _' ) ‘ ‘
— 5 4
+ 4 : —+ +— :
10 20 30 40 50 60 70
- LDSU 4800B/S 9600 -B/S Service:
Service Service ' c
Distance From School To Computer (Mi]es)
Figure 3.4: Costs of Optimal Configurations for n=8 ‘
o . 47 {




/’/' T - - - ,)3 ‘
-38_- ° - : ' . _
. - Lw

a \ 1nd1cates that when using LDSU s on ten m11e 11nh;~grouping term1nals »
in 1arger groups costs less. Therefore we arrive at the best grpuping
‘by d1v1d1ng the twenty=five term1nals into three groups of eight and ,
lone single term1na1 group " The eight-terminal groupsgare connected '

- .
* via LDSU's and mudexes (Figure.3.1b) and the single terminal’is ° .

B3

", connected by an’LDSQ'link (Figure 3.1a). From Table 3.4, we find
~ costs for the LDSU end mudex 1inks. Assoming a large-quantity, _
purchasg of hardware fromlcodex we find the appropriate costs in Table

3.4b. The costs are tabulated as -follows:

s . ' L
2 8200 LDSUs e ' $1,293.50 . :
2 910 Mudexs, (8 channels each) $2,808.00 + $327.60 x 8
1 unconditigyed,phone Tine - $50.00, + $(6.83 + (3x10))/month

1

Amortizing equipment over.the usual fiVe-yéar period the cost ber
month for the LDSU and mudex links is $149 70 For e1ght term1nals
per 11nk and 160 student contact hours per“month the cost per S.C.H.
12¢. - This cost can be arrived at by subst1Tut1ng r.d = 30 and n = é
into thenresult of Table 3. 4b '

The Tink serv1ng the twenty f1fth term1na1 has the fo]1OW1ng costs:”

2 8200 LDSUS $1 293. 50 g
1 uncond1t1oned phone line ¢50 00 + ($6.83 + $3 x 10)/month

or a monthly cost of $592§2 wh1ch means 37¢/S.C.H. This figure can
.. be arr1ved at by simply subst1tut1ng r.d = 30 into the result of
Table 3.3b. |
The we1ghted average cost of the twenty-four users at 12¢/S.C.H.
and one at 37¢/S C.H. at th1s site is equa] to 13¢. Had there been
twenty-six users at a site twelve miles from the computer, Figure 3.3

tells us to use four LDSU and mudex 1links, even though the fourth Tink

»

*  would setve only two user terminals.

Rl

N
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: i - ' ‘ . 3.5.2 Modem Link.Example 'i _
- To see how the results of Section 3.3 gan be applied'to a system

: ,;é? " using ‘modems, consider a site-with thirteen terminals Tocated twenty-
Tm‘f, , .five miles from the computer Figure 3 3 indicates that we should use

- all 4800 B/S 11nks with ‘mudexes to serve the terminals. Thus we will

SV have thnee four-terminal 4800 B/S Tinks and one‘single-teuminal 4500
| | B/S Tink. Assuming a 1arge-quantity purchase, the cost of the 4800_B/Sr
11nks is obtained by substituting r.d =75 and n = 4 into tne résult of
~»"  Table 3.5b. The twelve terminals pay 31¢/S C.H. Using r.d = 75 and
= 1 in the price given in Table 3.5 yie]ds a cost of $1 32/s.C. H

,j, | . for the single terminal link. Averaging the costs of all 11nks ‘

employed for this example giyes 39¢/S C.H.

N .
L]
.
.t L4
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4. PLATO IV CAI DELIVERED BY SATELL'ITE

4.1 INTRODUGTION * - o, P ‘b
Th1s chapter will d1scuss how sate]]ite techno]ogy can be ,
app11ed to deliver the necessary PLATO IV communications- capab111t1es.
Tno examp]e sate]]iteibasedvdelivery systems will be presented. They
are both designed to distribute PLATO‘IV systems to rurafﬁ;rimary and
- secondary schools in the seventeen main{and states west of Missouri.
He‘chose to.apply satellite technology to these states due to the’ |
sparse user popu]ations found in them. The first system es a satellite
channe1 in the forward direction and phone lines for thﬁ/t:tnrn channel.
) Thus the ground stations located at each rural schoo] need only
rece1ve data and are less cost]y than "two-way" or "1nteract1ve"‘
stations. The second example system employs sate111te channels for

both forward‘and return transmissions. T .

-
.

A disadvantage 1n using a satellite channel as opposed to a.
terrestrial link is that data'sen% over a geostationary'sateliite
link is subjected to a 250 mi]]isecond'delay; that is, it takes

/)the information-bearing radio wave 250 milliseconds to traverse
the distance nf 45,000 miles to the satellite and back. In those '
app]ications where 1ntnract1on must be rapid this delay could
be:ome unpleasant if the current student terminal design is used.
The present terminal waits until the eomputer has checked a key press

.-before displaying the character. Perhaps, in a satellite-based

”system, a ‘microprocessor in each terminal could display characters

as they are typed and send blocks of chanacters later.
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"4.2 SATELLITE SYSTEM. DESIGN AND COSTING MEIHODOLOGY
- We design and cost theAtWO sate11ite systems using the modified‘ ¢4
"STAMP" computer program Th1s program was developed at General o
Dynam1cs Corp. in 1971 (15) and has recently been mod1fied at Nash1ngton
— University (16). The program is a toel for synthesiz1ng and opt1m121nd
compiete satellite systems. It preduces design %pecifications and cosés
for all system eomponents, ineluding satellite and.grdgld*components;
when 1t is g1ven as 1nput such parameters as number of satellite antenna
: K beams, number of carriers and channe]s per beam, channel bandwjdth and

' . '
.

number of gréund stat1ons

i~ w

" C .
'4.2u1 Descript1on of the Modified, K STAMP Program* ' s

"The General Dynamics Satellite System Synthesis Program,
(15) called STAMP (Satellite Telecommunication Analysis and
. . Modeling Prbgram), was written as a tool for analyzing satel-
B e lite-communication system requirements. The program synthesizes .
' v - a least-cost satellite communication system within the con- ‘
- T .straints of satellite size, power 1eyels antenna diameters and
i ’ ‘ receiver poise figures while satisfying the user requirements’
- of areJ)dg coverage and type and grade of service. N

The program ‘incorporates the total system in its opt1mization
This*includes up to three separate types of ground facilities,
,one or more idehtical satellites, launch vehicles and uplink

" and downlink propagation models.

Communication caiin be handled in any one or comb1nat1on of four
data types: -audio, video, facsimile and digital. Each beam
‘is considered separately by the program. This eliminates the
need to choose a worst case beam and assume all other beams
: are identical. Each individual beam can handle any combina- -
: ‘tion of the four data types. A block diagram of the program
: is showrf in Figure 4.1. ‘

The.input to the program is read in through "the namelist
feature. There are seven namelist lists each containing
parameters that are.related to a specific area of the program

T ' - The program beg1n(bpy read1ng in .the input data. It then
" e , computes the chann 1 characteridt1cs 1nc1uding carrier to-

- a .
o ” . B , ¥

- — . ’

- 4 a . .
*This description was taken verbatim from Réference (16).

e
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e : ~ noise ratios and transponder backoff terms. The spacecraft
antenna is sized based on the required frequencies and ,
beamwidth and the area of coverage for each beam is computed
- along with the'elevation angles and-uplink and downlink
a > Tlocation losses. The other loss amd noise terms are then
: determined from the Tink model. - :

The boundary values far the dependent and independent
: parameters are determined and, based-on an initial design
Mo . point, the vector of dependent parameters is computed. A |
‘ check for boundary violation is made apd an optimal A
perturbation of the_ independent parameters is determined.
" .If covergence has not been attained the perturbed -independent -
parameters are used to compute a new dependent parameter '
. vector. This repeats until convergence is achieved at which
time the formalized output is printed and a check is made to
determine whether another case is to be run. The flow
diagram of the program is shown.in Figure 4.2."* (16) -

' In order to update the STAMb~png?am,,it yas‘ngéessany to get new Ty
prices on systém compbneqss to'ref1ect.éhanges fhét han occurred since
the program wasflagt.used‘fﬁ'dune of 1973, - The éosts'bf/%rahsmitters,
receiye;g and antennas were all updated by contacfiné apprdbriate
manufacturers (17, 18, 19). Simi]a?ly'NASAswas contacted in order to
acquire nqulauncﬁ.yeﬁicle prices (20). Thg lgunch vehicle priéés,

used in thisstudy are effective as of June é?, 1974. Table 4.1 lists

i . .
"/ old and new prices for some:typical equipment.

———

Once pertinent prices were updateq, one constraint in~tbe
; ' program's input was revised;Athe'size.of antencas fg} the schools “was i
Timited to ten'feet in diameter. This was done to insure that the
program produced a ground station design which could feasib]y,pe
“purchased by one- school., '
4.2.2 General Design Methodology 4
’.Before.givipgoa detailed description Bf the satellite systems

designs we will summarize thé system'design methodology. The STAMP

*This description was taken verbatim from Reference (16).

o
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Table 4.1 Price Changes for STAMP# . ..

(Prices in thousands of doYlars)

ITEM

A}

~I. Boosters (éo)

SLV I11-D -
Titan 11I-C
Titan III-E (CENTAUR)
. - Saturn V ‘

II. Antennas (17, 19)

‘Diameter (ft)
20 ’
10
5

°t

II1. TRANSMITTERS (17, 18)

1. Ground
Power Output (Watts)
20 -
50
100

2. _Satellite
20 - .ok
70 {
400

oLD PRICE

22,800
26,400
113,500

léx*i

20
30

18
a0 .
55

1
v

\

NEW PRICE

15,200
26,500
31,600

No Tonger avaitable

12
5.7
1.8

15
25

15
30
50
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program requires an- input deck‘containing,400 cards. The user need oniy

. ~ deal withva subset of about 50 of-these;in order to specifyghis

' desired‘system to the program.. Inputs that'the user defines are:

Booster choice,- number of carriers and channe]s per beam, number of

receiver ground stationsz?number of beams penasateiiite channel

bandwidths and satellite 3dB beamwidths, satellite and beam-center ‘

~ positions,.datavrates, moduiation schemes and received SNR (signai to
inoise ratios). 'These inputs are dictated.by student popuiation

, Hensity, PLATO’iV communicationsArequirements and engineering judgement.

The STAMP program computes systém equipment parameters. These

‘ inciude. antenna sizes, transmitter EDWGrS, bandW1dth expansion
! PO
factors (modu]ation index), receiver'figures of merit, satellite size,

@': weight and 1astiy the costs of aii system. equipment and services.
Costs are totaied and manipuiated to refiect the time dependence of
the value of money: All reievant design: parameters are outputed SO

the designer can make Judgements and rerun the process if he so decides

-

\\\\In faét the des1gner nlays an important role in the 1terat1ve process '
pecause he is responsible for’ specifying constraints to program outputs
within “reason."

In our‘study, for example, STAMP wanted to place twenty-three
foot diameter dish antennas’ at each school for the two-way satellite
. system This was the choice that minimized system cost. However, one
‘ can;hot reaiisticaiiy expect $§fbut such a large antenna with such a |
narrow beamwidth on every school ‘to be served, it would be very
costly and difficult to 1nsta11 maiﬂtaihﬂ *and aim. - Hence we exercised

our judgement dnd 1imited sch001 antenna sizes to ten feet in

diameter. Once the system designer is confident fyat the computer
f')\,.~ T . o ;;" . v . ' b
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‘states. ‘ ' ' ) v

;output}corresponds to.the‘systém hé.has-enyisioned he can use ‘its
. output to compute cost/S.C.H." | B ‘ ;
4.3  DESIGN EXAMPLES S |

1

4.3.1}.Descriptioﬁ}bf System Coverage Modei
| Based Qn the'experienCe of ‘other researchers (21) and on 6ur‘own y
results for bhone 1iﬁe‘dispersedv§ystems (22), all of which-indicaté.

prdhjbjffve ﬁosts fqr serving sparsely populatég éreésvwith terrestial ,
Tinks, it was decided to concentrate sate]]ité'coverage on the most ~

sparsely populated area of the U.S. mainland, i.e., the seventeen

“mainland states west of Missouri. - These states can‘be seen in

Figure 4.3, and are characterized~statistically in Table 4.2 (24,25). .

The numerical entry for each state on the map is.the state's rural
student population density (RSPD) (23). - '

- AN . L ' »
We estimated the states' RSPD from census data by using the

. following procedure. First find the.stateé rural popu]ation by

multiplying the census figure for total state population by the ;

percentage of the population which-lives in rural areas (also given as.

T

“a census datum). Dividing this rural population Ly the area of the

state yields rura! population density. This proccedure neglects the

area of the state which is urban, a good approximation in the western

* To get the RSPD, we must multiply the rural population density
by the percentage of rural people who are atténding primary of ’

secondary schools.. This figure could not be located, so we Bpproxi—

| mated it by noting that in 1970 there were 203 miiiion Americans, about

‘50 mi1lion of whom were enrolled in public schools. Theréfofe we

1

~—
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Table 4.2 Statistical Summary of States
to be Served by Satellite System (25)
‘ Number R , Rural Rural Student
, of Rurat//// ,
State Schools / ~ Area

Student - Population
Population = Density:

Arizona 150 113,909

94,292 .83
California - 257 158,693 ' 2.95
_ Colorado 247 104,247 .27
Idaho . 255 . 83,557 1.11 -
Kansas . 606 82,264 186,901 2.28
Montana — 147,138 86,458 .59
Nebraska 766 - 77,227 140,027 1.83
Nevada 47 110,540 24,103 .21
New Mexico 188 121,666 91,435 . .75
N. Dakota 46z = - 70,665 94,122 - 1.35
Oklahoma . 620" 69,919 204,069 '2.96
Oregon 426 96,981 181,368 1.88
S. Dakota 562 77,047 101,405 1.31
Texas . 1048 267,338 553,306 2.11
Utah 110 84,916 - 64,301 LT
Washington 447 68,192 254,498 3.82
Wyoming __ 158 97,914 36,186 _.37
Total 6,349 1,832,213 2,798,905 1.52
441 students/rural school

@
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estimated that one. in four rural persons is enrolled in a public school.

"Thus RSPD can be computed as:

Rspp = State Pop. x % Rural x % in schbo]s
v Area of State

~wWhere the percentége in schools is estimated at 25%. Once the user
‘,bdpulation has been defined, we must decide how many PLATO systems are
needed to serve the users. This figﬂre can be computed as

Total # of Students x Student duty cycle
# of active terminals

# of Systems =

where student duty cycle is defined as the ratio of time in school at

the PLATO terminal to total time in school. Ffom Table 4.1 we see fhat

;here are 2.8 million students to be served. For a PLATO IV systém
of 4032 active terminals and a student duty cycle of .05’(about 25 ]
minutes per day) thirty-five systems are needed.

It should be noted that student duty cycle, as defined, is an
arbigrary design paraheter that inf]uence§ system costs in a multi-
plicative manner. If one decides to double the amount of time each
student spends at a terminal one wouid hé?e to brogiHe twice as maﬁy
PLATO systems to cover the same number ofmstudenté. The’duty cycle
- of .05.used for our work is similar to that used by those actually
“using CAI systems (6). )

Having_com%uted the desiréd number of PLATO systems, we decide how
to distribute them over the 1.8 million square mile service area.

Since fhe technology avai]ab]e allows multiple beams and mu]tipTe
channels per beam the design question bécotes : How.many‘beams must we

use to deliver thirty-five channels?' The design guideline most

important in arriving at an answer is to keep the number of channels

£
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- per beam low so that inter-modulation noise is also kept low. ‘A]éo;

the nA{;QMEr the beam, the less power must be transmitted to achieve
a given signal-to-noise ratio at the ground receivers. These two'
factors caused us to employ seven beams of five channels each. These

numbers decided, the 3dB footprints could be sketched.for the sev;n g

beams as shown in Figure 4.4 assuming seven equal beamwidths.

Figure 4.5 ij1ustrates how users in each beam can be divided. into
five groups, each with its own computer center. 'The elliptical beam
has been approxjmated'aS'a circle for ease in analysis. The centers of
gravity of each of the five pie sections were determined for the
]ocations of the computer Eenters. Computer centers are located at
the centers of gravity of their service areas so that when phone line °
returns are used as in our first example system, the aVerage distance
froh sehoolbto'computer will be minimized - thus minimizing phone
line costs. | .

Because there are about 6,350 rural school buildings in the
seventeen states, there are 907 per beam and 181 per chdnnel or per

PLATO IV System. This means about 441 students and twenty-three

*terminals per school.

. "Each of the thirty-five channels bfoadcast from the computer ‘
center to the satellite and back is capable of transmitting the 4.8 MB/S
needed for a PLATO IV system of 4032 ueers} quadruple the rate
presently employed. As discussed in Chapter 2, the present rate of
1.2 MB/S is set by the number of users ber system and is not a
constraint imposed by the transmission channel bandwidth which at
6MHz is wide enough to allow a-4.8 MB/S data rate while employing the

same baseband modulation scheme presently used i.e. on-off keying.

61
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d' f‘ _ If instead we were to as§3me the present forward rate of 1.2 MBIS

'each channel would bé restrictdd to 1008 users or 1/4 of those . pOSS1b1e,_

: thus Timiting system coverage to'1/4 of that possib]e Total costs for

o

the two sample systems presented here wou]d decline s]1ght1y due-to
* having on]y 1/4 as many schoo] ground stations but cost per stud%nt

contact hour wou]d r1se due to quarter1ng the number of pay1ng

o

customers. Based on the above d1scuss1on, we have adnnted the

A

assumption of a 4.8 MB/S forward data rate . _ ' «"’" N ,
Receivers at each school have to be ab]e to- rece1ve the appropriate \ka\\;"
one of five channe]s beiny- broadcast into 1ts reg1on Low cost ,
. rece1vers have been designed recently for th1s app]ication (26 é7)
Costs determ1ned in our study are based on use of these new receivers. - °,

-
. c . o 73

4.3.2 Hybrid Systen (Satellite and Phone Lines) * ‘

The first example s&stem.uses the satellite to send data from the
thirty-five computer centers to the 6,349 rura] schools. Data sent fnom
user terminals to the computer centers travels over leased telephone

A

Tines. One might question the galidity of ‘this approach, sirice we };

are already using half-duplex 11ne§ to the computer from the user, and
we couid paj 10% more to get tu]]-ouplex T§nés, we could elinjnate the
need for the satellite forward channel. Thie'option,'in fact, does not
exist; data rates to and from the computer are not equal, and‘as
pointed out in Chapter 2, thirty-two users can share one half-duplex’.

. Tine for return data, while a maximum of eight users can recéive data
over one ha]f-dupﬁex forward channe1. Thus 1teis certainl‘-wprthwhile |

to try to circumvent the much more costly forward phone‘linn by s

satellite. ' : vl
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;4///i using theyresuTts Jin Chapter 3 Based on c¢ensus figures of 2,798,905 .

. . - v . . .
] ’ ' L .
’ § ¢ ~-55- v Yo s,
N o P . 5

" .
S e 4 ¢ ° 4

-students in 6,349, rural schoo]s we arrive at a gross average number
of students/rural school of. 441 For a user duty cycle of. .05, the
"average",rural school of 441 students would have twenty-three °'. -

term1na1s ‘pa/h used 160 hours per month. This implies an average of

e

‘eone return phor° 11ne per schpol. Assuming schools are distributed

uniform]y, the "average" rural schoo] 1s located n1nety miles from 1ts
correspond1ng computer center Based on the . costs given in Chapter 3

for telephone 1inés and ﬁardware 1nterface equipment to.connect
uP

'twenty -three terminals, n1nety m11es away, over a half-duplex line, we

arrive it a cost/S.p.H. of 50¢ for the’ return te]ephone Tink for ‘the

hybrid satellite system,
We design the forward 1ink via'§ate1]1te°using the'modified STAMP

»

Return phone 1ine costs for the hybrid,system are éasy to'calquate

Y

.
-

program:’ To do the design, we specify input parameters, derived from -

systemtuser requirements, to the STAMP program so that 1t can compute
necessary hardware specifications and costs and anﬂnize the oosts

while satisfying’all the requirements In'discussing“the saté]]ite'
system des1gn parameters we 1nd19at% whether they are program 1nputs

or outputs. For c]ar1f1cat1on, these parameters w111 be summar1zed

_in table form at the completion of the system design descr1ption

Figure 4.7 summar1zgs system parameters for the forward satellite
Tink in ‘the hybr1d system, shown 1h Figure 4.6, as computed by the
STAMPaprogram Each of the th1rty-f1ve Class I stations radiates

twenty-two watts of RF power through™ a nine foot diameter dish antenna

at 6.2 GHz with a data.rate of 4.8 MB(S. ghe data rate and the carrier

~ frequency are inputs to STAMP and were chosen to meet PLATO IV and FCC

>
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' .

requirements. STAMP calculated the antenna size and transmitter power.

-

' _Eacﬁ Class I station has a transmitter, a reﬁéiver to monito;’
transmissions, and an antenna. The;e dqn belﬁurchased for $22,870, i ‘e
installed for $4,430 and.operated and malptaingd for $6,7QO per year. /.
The total cost for each Class I ground statiéﬁ over its f%ffeen year
lifetime is $127,280. \ ' . o

The dirept ground stations at each school have.é 6.6 foot djameter
antenna and a receiver. The recé}ved signal to noise ratio is_20dB
which realizes a bit error rate of iO'B using }requency sﬁift keying
(28). Direct stations can be purchased for $1,748, installed?for $821 -
and maintained for $174 ber year. Consequently, -each direct“sta£}0n=
costs- $5,192 .over its fifteen year 1ifetime. -

Figure 4.8 is the computer outpyt that presents‘the ;ate1iite
compohent characteristics and co;té. The satellite receives the
signals from the thirty-five‘comﬁuter center ground stations and
~ frequency translates the information from 6.2 to 2.6 GHz for broadcast’
to the schools thrbugh a twenty-fﬁb foot dish antenna with.éeven
1ndépendent feeds and thus seven-indeﬂendent Seams._ Data {s radiated
at a power of eight wétts wfth an EIRP of §9 4Bl _This high power
transmission is calculated by STAMP to minimize_the size and cost of
. direct receiver antennas. Sinc% a satellite lifetime is assuééd to be
five years, fhréé sate]]ites'must be launched for.- a fifteen year
~system. Each satellite costs sixteeﬁ’me]ionjdoliars, weighs 1,655
pounds and is carried sloft by a twent&-éightlnfllidn dollar, Titan
I1I-C booster. _ '

Total system cost for fifteen years is 170.9 Mmillion dollars.

To compute cost/S.C.H. we divide the total cost by the number of
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student contact hours’de]iveredﬂby thirty-five PLATO IV systems of
4032 term1na1s each over a period of fifteen years (assum1ng 160

student contact hours per month and twelve months of use per year), .e.;

) $c°~st _ $17o ox 106 . | - '
eI TRy 15 yrs x 35 systems Xx. 4032 term1na1s X 160hrs/me x412mo/yr
T 6 )
2 5‘70 DX 13 - 4.2875.C.H.
4.06 x 10° Pa
' ,;which is surbrisingjy~1ow as compared’to that offen d by telephone o

service alone. Including phone line returns, the co p]ete'system' g
~ .communication cost/S.C.H. is 54¢. | v
‘Relevent system parameters are summarized in T b1e 4.3 along with -

s 2N
signer or computed

dndfoations'as to whether they were selected by the

by the STAMP program .
433 Two way Sate111te System Des1gn

~ff’ Encouraged by ‘the 1ow cost of the forward sate111te channe]

dec1ded to synthesize a system emp]oy1ng sate111te channe]s for th{\

return links as well. S o A -‘\. ) '<::;//) "
"As mentioned ear1ier, system coverage parameters and user“Q
° o i v o

sequirements such as-number of beams, beamwidths and bit'rates comprise

CL .z . r . L0
the computer program inputs while ground -station antenna sizes and>
T~ v, . . W oo . '
transmitter output®powers are computed to satisfy the desired received , .

signal va1ues or more specifically b1t error rates. These parameters -
.are summagized in Table 4.4 1nd1cat1ng from -where they came.

The second examp]e system employs\transm1tters as well as
P

N rece1ver1 at the rural schoo]s, thus e11 nating the costly return :

S

~
phone 11nes. The forward Tink is a1Mo t the same as ﬂor -the hybrid

system detailed previously. It hgs been changed slightly in order

L o : =

, /.m ‘ s o - o ‘70 . \) o . v




=

G rﬁ I.

ITI.

Iy.

{‘-5]_

" Table 4,3 Design Summary for Hybrid System ’

CLASS 1 EQUIPMENT

" Antenna size (diam.)

Antenna gain

Transmitter power

EIRP

‘Receiver Noise Figure

Direct Station Equipment

- Antenna size (diam.)

Antenna gain

Receiver noise figure
Received SNR

'Satellite-Equiment

Booster

Mumber of beams ¥
gmbe'r of carriers/beam

mber of channefg/carrier

Antenna size (diam.)
Beamwidths

Output power/beam
EIRP
Weight

Communications parameters

Uplink frequency
Downlink frequency

Basebandwidth
RF bandwidth

Modulation index

Type of Parameter

Computed
CompUted
Computed
Computed

- Computed

A

Comﬁgted'
Computed-

- Computed

-

Input

Input
Input
Input
Input

Computed |

Input

Computed
Computed

. Computed

71

Input
Input

Input
Computed )

Computed

1)

Value
9.11 feet

42.5dB
22 watts |

52. 9dBH
14dB

«

6.6 feet
32.6dB

6.3dB

20dB R

Titan IIlI-c
o
5 .
1
22 feet
1.2°

8 watts -
50.1dBW
1655 pounds

6.2 GHz
2.6 GHz

4.2 MHz
9.74MHz
. .16




I.

1.

I11.

IV,

-62-

-
H

iable'4.4‘ Design Summary For Two-Way Satellite System

- CLASS T EQUIPMENT

Antenna Size (diam.)

" gain (uplink)

" " (downlink)
_ Transmitter power e
"EIRP

Receiver Noise Figure
Received SNR
CLASS' I1 EQUIPMENT

Antenna size (diam.)

" gain (up)
" gain (down)

Transmitter power
EIRP

Receiver Noise Figure
Recieved SNR
Satellite equipment -

Booster

# of beams
# of carriers/beam
# of channels/carrier

Beamwidths
Antenna size (diam )

. 0utput power/beam (forward)

(return)
EIRP (forward)
EIRP (return)

Weight
Communications parameters

‘Uplink frequency
Downlink frequency
Modulation scheme
Base bandw1dth (forward)
) (return)
RF Bandw1dth (forward)
" (return) .

Mod. Indéx (forward)

" " (return)

_\J

Input/Computed

»

O DO it

nnnn)—()—()—(()—()—( .

vValue (

3.8 feet
35 dB
27.4 dB

194 watts
54,8 dBW

7.1 dB
20 dB

10.0 feet
43 dB
35 dB

8 watts
49,5 dBW

13.8 dB
20 -dB

Titan III-E.

7 ..

5

1

1.2°
22

3

8

50.1
 45.7
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to n1n1m1ze total -system cost when more comp]ex stations are used at
the schoo]s |
F1gure 4.9 summarizes pert1nent parameters for: the forward and
) reverse links as calculated by the STAMP program. Class I stat1ons
rad1ate 194 watts through a 3 8 foot d1ameter dish antenna at 6 2 GHz
w1th a data rate of 4.8 MB/S. 'Each Class I stat1on is acquired for
$27, 870 and costs $263,410 over the 15 year system 1ifetime
é : ' _ Ground stat1ons at each school (Class II') are acqu1red for $9 430
‘ and cost $67, 030 over the system lifetime. ﬁ“There are 907 C]ass I1 O
fac111t1és per beam for a total of 6, 349 C]assM?I stations transmit
in an (T1me D1v1s1on Mu]t1p1e Access) TDMA mode over a 600 KHz return

Y

channel with a power of 8 watts through a 10 foot diameter dish

4

antenna. Their EIRP is 49.5 dBW.

The satellite characteristics are-given as computer output in
~ Figure 4t10. Ine satejlite transponders produoe 3 watts/beam in the\
forward direction and 8 watts/beam‘fon the return links. Each of thé
three sate]]ités necessary for a 15 year system costs $20 million,
weighs 2,317 pounds, and is placed in geo-stationary orbit by a’$32
million fitan-III-E boosten. 7

The complete systém“costs $471 million which is 11.8¢/S.C.H.
This figure.is very encouraging when compared to alternative systems
for such a large user population. Table 4.4 summarizés the system

" -parameters and indicates whether they are inputs or outputs.

As mentioned earlier, if we assume only 1008 users pér PLATO IV

system the costs per student contact hour would increase and the
number -of users served would decrease. For the hybrid system of 1008

P

users per PLATO system 700,000 users could be served at a cost of

73
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66¢/S.C.H.” The pure satellite system would 'also serve 700,000 users
but would cost 24¢/S.C.H. for a 1008 user systems.
4.4 SUMMARY AND CONCLUSIONS

’

‘We computed in this chapter the communications costs for satellite-

dispersed PLATO IV systems for a realistic user group, and they compared.

quit; favorably to costs incurred in using alternative communications
technologies. We showed that a hybrid éystem.employing s&te)]ite
forward channels and telephoné line return channels could.serve the 2.8
million studeﬁt§ in the rural schiools of.the seventeen mainland United
States west of Missouri for a communications cOsf/S.C.H. of 54¢. We
also saw that a pure satellite ‘system employing both forward and return
'-sétellite channels could serve the same user population for 11.8¢/S.C.H.
These costs were given as results of two detailed system de;igns
emp1oying the STAMP computer program as a design tool.

The main gifficuity in ?ea]izing a systemvsuch as fhe pure
satellite one is that it would_involve an agreement between all of the
séVenteén states to be served. This would perhaps be difficult to
achieve. The technology is available to achieve low cos£/S.C.H., but
ultimately the satellite system's success will depend on cooperation

between the users in such a large service area.

7’6
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5.1 INTRODUCTION -

o
-

This chapter assesses 't 5pp11cation of UHF radio broadcast B

5. RADIO DISTRIBUTION.OF PLATO IV
|
I
|

xechniques to satisfy the ¢ommuhications requirements of'lorge'ihter-
active CAI systems 5! as PLATO IV. First we &iscuSsAtwo’availéble
transm1ss1on technologies to distribute PLATO IV, UHF TV and low-power
m1crowave broadchst. We algp describe a means of extending the limited
range of the two systems to serve more sparse1y populated areas by
employing repeaters. We then opp]y,these techniques in six network

idesigns and calculate and compare communication costs. These costs afe.

giyeh_as functions of the number of remote sites (schools).
As in previous chapters, cost/S.C.H. is computed as:

o Total Cost o : ' : .
4032 x 160 X 12 x L - (5.1)

for a PLATO IV system with 4032 active terminals used 160 hours per

month and 12 months per year for L years.
Both systems described in this chapter bnoadcost data from the

computer in the TV format that the NIU oytput uses, mod{fied to cootain

data for 4032 users rather than 1008. Thus each remote site requires

a site controller to demultiplex data from the wideband TV signal. y
Radio. computer communications systems, similar to those proposed -

here are presently being evaltrated on exger1menta1 bases at the

University of I1linois' PLATO IV system in Champaign-Urbana (30).
5.2 PRESENTLY AVAILABLE RADIO BROADCAST TECHNOLOGIES 4

5.2.1 Broadcast UHF Television ;
.Reaching fairly large numbers ofnrem;to receiv;rs with a wideband

signal is'o task well suited to cénventional TV broadcast systems.

A
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This fact has inspired us to consider us1ng a UHF TV channel to serve '
K PLATO system in the computer to user direction.‘ S1nce broadcast
UHF TV equ1pment is commonplace, very 11tt1w‘development work needh
to be done” to adapt existing systemg to systems capab]e of broadoast1hg
PLATO IV'data. The high power of UHF TV %ransm1tters enab]es-the use
of unsophisticated receivers at large’distances. _ It is not uncommon
.:to receive UHF TV channels more thah fifty miles from the originating
station. _ |
Economics has forced the present TV'broadcaSt system fo empioy
cheap receivers anz expensive transmitting stations. Costs (and
hardware sophistication)‘of transmitters and receivers are set based
upon the net'effect each has on total system cost. In the commerctal
TV market; there are'millihns of receivers for each transmitter, which
dictates that a very expensive transmission station «yuld be used in
order to eﬁsure m1n1¢qm casts at the receivers and thus minimal total
system cost. Thus Qe ;;e mu1t1million dollar, TV stations transmitt1ng
the maximum power a]]owed by the FCC. Similarly, transmitter antennas
are tall and expensive to reach the 1arge§t possible audience. .
One.PLATO IV. system might have say, one hundred receivers and one
transmitter. Thfs‘bstimaté assumes that 80,000Pstudqnts share 4032 ’
terminals and that thene are 800 students per reéeiver site.
(Throughout this discussion it i543ssumed that ghére is one receiver

" at each schoo].)‘“This ratio of 100 receivers to one transmitter.

'implies that, although the transmitter should cost more than a receiver

L

in an optimal system, it need not cost.thousands of times more as in
- )

the commercial broadcast indusfhy. prever, despite the suhloptimum
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" of remote sites to’ be reached the’ tdansmitter/receiver cost ratio

communications channel for PLATO°IV, as we shall see.

5.2.2. 6mni-DirectionaJ Microwave Broadcast
“ ‘In the past few years a/n/’_*ype pf wideband”(TV) distribution
‘ has been implemented which has a much lower transmitter cost to ﬂ
receiver cost ratio This system, which is.sometimes called MDS ’
(Multipoint Distribution- Serv1ce),'employs a low-po er microwave radio
transmitter broadcasting through an omnidirectional antenna to hiﬁh

-

gain receiver antennas * This type. of system is designed for fewer

; reoeiv rs than the commercial UHF. TV systems, and this fact is reflected

ransmitter/receiver cost ratio. A MDS system uses a $15, 000

transmitter and $1, 500 receiwers (3l) " Thus, one factor ‘which’

-

. 1nfluences the decision between microwave MDS and UHF' TV is the number -

‘determinestwhich is 1east expensive . g i: b

-
. ]

Another factor is range. -The low-power miérowave systems need an .

"oy

unobstructed line of sight path between the transmitter and the v

~ reﬁeiver «This requ1re§ that no buildings h1lls - trees, or mounta1ns

be 1n~the v1sual Jpath between the transmitter and receiver antennas b,

a [

. !Although microwave radiation{propagates similarly tb light it requires

some clearance over an obstructigll With a clearance of about 0. 6 of

“ a_"Fresnel Zone," a term we define,below, about half the power- is lost

\ ,c'
W .
 — Pl ) N . . * v

”*At the Universrty of Illinois an MDS ohanntl is currently being operated .
. <>to-carry datd to PLATO IV sttes within.15 miles of the central .
. computen in the ChampaignyUrbana area (30)
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a

and obstructiors W1tn less clearance cause the received signal power to
decrease rapidly. . | |

. The size of the Fresnel Zone (F) is re1ated to the carrier

frequency (f in MHz), the distance from the obstac]e to the transmitter.

site (d1) and the tota]—pathllength (D) by.

hd &

| ' :
= 1“2 . . . .
F 13704 L .

For a 40 mile transmission path (D = 40),"the beam center shouild clear

]

_an obstacle located at mid path (d] ="d,

2 GHz transmission' frequency (f = 2 x.103) (32). ce U E

—

o

= 20) by 100.feet at a -,

In order to reach users'blocked by obstac]es, repeaters can be
empfoyed "A repeater consists of a transmitter, receTver, assoc1ated ‘ o
antennas, and a tower upon which th1s equipment is mounted It must.
be emphasized that the ut111ty and cost effect1veness of using MDS
systems for forward PLATO IV channels is strong]y dependent upon the
terrain of the service area. If an unobstructed path can be achieved,

either by us1ng repeaters or ta11 antenna towers (rented space on a

‘tall bu11d1ng, for examp]e), then the MDS system can be re11ab1e for N
distances up to 40 miles or more (33) ' o ' ;;//

5.3 "TWO NETWORK DESIGNS FOR PLATO DELIVERY | '

_ In this'section; we propose and anaiyze’two schemes for distrii-

" buting PLATO IV. The first uses UHF TV transmission techniques in .the
forward direction and low power, medium bardwidth radio transmitters:‘
; for the’return’transmissions. The second system, which uses the samed'
return transmission technique as the. first, uses *1ow~powep*mi arowave
'transmission in the: forward d1rect1on We ca1cu1ate equipment costs,

total system cost and cost/S C.H. for each of the two systems We

1}
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3 ‘ ~ also indicate range,iimitations for each‘system and compute cost/S.C.H.'
| ,© as a function of the number of remote receiver sites (schools).
533, 1"Network Employing UHF TV Broadcast

. The UHF TY system has one centrai transmitting station that sends

—~ ~ data to a numben, S, of schools which must be within about 70 miles of
o the transmitter.\ Each schooi has ﬂggg terminais in it, aii of which

: receive data from 2 s1ngie UHF TV receiver. . The terminais are connected
in groups 32 or fewer to site controliers,’and each site controller
is‘con" ctéd to the UHF receiver. Figure 5.1 illustrates the' equipment

‘ out‘at‘the'centrai computer and school sites. E

5.3.1.1 : Forward Channei Equipment o : " o

The computer center equipment inciudes a RCA 30KW UHF TV

transmitter, an antennéd, and a 1,000 ‘foot tower for Broadcasting data

to remote users-up “to 70 miies away., We use the 30KW transmitter

because it is the least expensive and 1east powerfui one avaiiabie

The 30Kw transmitter costs-$285,000 from RCA and a suitable antenna

and tower costs $340 000 (34) For rece1v1ng return data the

computer center also needs a’'recedver, which we wiii describe when we
,discuss the return channei

Each school requires a conventional UHF TV receiver, antenna and

a s1t;icontroiier for the forward channei. In additionw.for the~return
- chanpel,”each- schooi must have a Tow power, medium bandw1dth

transmitter and.a transm1ss1on antenna. Adequate UHF TV receivers can

be ourchased for under $100 at department stores (35), while the .. s

reeeivgr antenna cost can range from zero (for a loop suopiied with the
JTV) to $50 ‘for a_muTtipie element, high gain antenna. Modification
“of the TV’receiver for PLATOéfV use is Sccompiished by tapping a

&1
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UHF TV Broadcast System -«
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;';w1re into the v1deo output Signai to route data to the site controiier,

?which demoduiates the TV formatted 51gna1 and distributes: data to the

I
kY

E;terminals it serves

Indeed there are many portions of the standard TV receiver that

are not neédqd These qncidde the picture tube, horizonta1 and verticalg"

defiection circuits, audio circuit, VHF tuner and high voitage power

suppiy A11 that our system requires is the UHF tuner, intermediate- : =

: hj frequency strip and video detector A receiver consisting of these

items could easily be mass produced for less than $50 (36). | !

. 1
fli

, Antenna choice is- dependent upon received s1gna1 power, which is
reiated to distance from the transmitter and aTso is influenced by the
topography of the& transmission path. Determining the actuai signai‘
strength at a specific receiver location 12 a matter of accountingqfor
‘g various losses and gains a]ong'the‘signai route (3f). The 30KW
| transmitter radiates a power of 45dBW through its antenna, which has
"a gain of 14dB for an EIRP of 59dBW.. At a distance of one mile,
the signai's—free space loss 1s 90dB, and each time the‘path length is -
doubled anotherl6dB 1oss is encountered. Thus at a distance of four
miies, the recefved signai‘power.is 59-90-12 =-43dBW. A TV receiver
with a sensitivity factor of 100dBican theoretically receive reliable
data (20dB signai-to-noise\ratio) at a distance of 235 miles from’the
transmitter'with no receiver antenna gain. In practice,‘howeuer, the
lay of the land and the curvature of the Earth makes it necessary to
use d@ntennas with gain for receivers located 20 milds or more from the '
transmitter. In fact, antenna heights and topography of the trans-

missiop path determines  a practical system s rafge more often than does

4

"~ the transmitter s output power.
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5 3 1.2 Return Channe] Requ1rements and Equipment ' ,“ o ,’ ‘ ";
. Before d1scuss1ng necessary return channel equipment, we shall _ ’q' N
heview the. channel Pequ1rements In drder to allow 4032 users to o
send 150 b1ts of data per second over the. return channe] the channe]

myst be- capab]e of transm1tt1ng at -least 60% Th1s ca1cu1at1on
i

"/ assumes that a synchronous, t1me—diuhs1on—m p1e -access techn1que

is employed to share the channel equally among a11 4032 users.

«’//E The 1nherent synchron1zat1on associated w1th TDMA channels can -
be accomp11shed by s}av1ng return transm1ss1ons to a t1m1ng s1gna1 ¢
der1ved from the rece1ved forward channel sync Signals as is present]y
done by the s1te contro]ler The on]y mod1f1cat1on necessary is to
change the mu1t1p1ex1ng and data\rate out of the data concentrator
port1on of the site contro]]er Th1s change is needed because the
return 1s a 600KB/S channel shared by all.site contro]]ers and users
raxher than the present mu1t1p1e 48008/5 return channels shared by
only 32 users through one s1te contro]]er each.

'Eont1nu1ng our d1scuss1on of‘return channel design requirements,
the rece1ved signal-to-noise rat1o should be large enough to realize a 4
bit. error rate of 10° 5 or 1ess With a noncoherent channel decoder at« ‘)//’ a
o

~the rece1ver, a rece1ved Eb/N Emergy de( b1t to noise rat1o) of 20dB

r will“suffice (28). The radiatld carr1er power (P t),'antenna ga1ns S

(GT* GR) #ree space path loss ijS) b1t rate B, P rz%31ver effect1ve "\~§\

no1se‘temperature ( eff) and rece1' uﬁobstructed path

© are relate Meoretically by'(37) ;ﬁf
o . p PT GT B B _
» Vo K Torr Bp Les / (5.2) %

where“K-1soBoltzman,s constant. (5.2) is more useful when expressgd '

L .

P

L - ) | o
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~in decibel form:

-relat1onsh1p

eff Br (DBW)

where dBW implies. dB relative‘to one watt. }Setting\f\a- GdB, Gp = 10d8B,
Togs = 5,000°K and B = 600 x 103 in (5. 3), we arrive t«the fol%ow1ng

‘‘‘‘‘

E /N, (dB) = P (aéw)f*“gfmféB) + Gﬁ{dB),- L%S (dB) - KT

E /NS (dB) = Po (dBw) + 1648 - L  (dB) + 134dBW (5.4 R
Using the fact that Lf (dB} 36 6 + 20 Log]0 £+ 20 Log]0 d (37)

-(where f is the carr1er frequency'n1nmgahertz and d is the patﬁ'd1stancé

in statute m11es) we see that for f = 500 and d =70, LfS = 127dé v \L;;\:
Thus/Eb/No and P are related‘by.. | o '

E /N, (dB) = P (dBW) + 23dB . - . (5.5) |
which indicates that a A0 watt (10dBW) -transmitter can. theoret1ca11y ‘
be rece1ved at a d1stance of 70 miles with a Eb/N of F3dB. This
value of. Eb/N w111 insure a b1t error'rate elow 10 -5 with a fade
margin (s1gna1 excess) of 13dB. In order to’atta1n th1s performance,
the path must be fa1r1y c]ear Thus we havelchosen al, 000 foot antenna
tower at the main computer stat1on for the UHF system so that both

forward and return ~ansmissions w111 be re11ab1y received up to 70

“ . . . /

'm11es away. - . ot

Antenna towers at the schoo]s are assumed to be 30 feet ta;% for

-both UHF and microwave systems No costs were assessed for these

towers because the antennas-can‘be‘mounted»on top of~the school
buildings which are assumed to beﬂ301feet or more above the surrounding
ground.

2

- If the necessary return channe] can be secured from the Fcc, v

equ1pment cou]d readﬂly be developed ésmng state-of-the- act e]ectron1c
/

»
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circuits._'Fcr example, the Regco Company'of;drlando, Florida offers =

transmitter'and receiver subsystem modules From which’can be constructed

‘a*6Q0 KHz (KB/S), 10 vatt. transmitter for under $600.00 in single N :
v pi;;ulguantities>(38). For a hundred or more,, the pr1ce falls to about $500 ;
per unit. The transm1ss1on antenna can be purchased for $100.. Thus
each schooT needs $600 worth_g? equ1pment to send data back to the\
computers and $100-$150 worth to receive data. o

The receiver to be located at the computer certes can also be
constructed from Repco eTectron1c modules for 4400 plus $100 for its
antenna The central rece1ver antenna can be' mounted on the 1,000
foot %éansm1tter antenna tower and thus can rece1ve from users up to _‘ )
70 m11es away Thus the central site has about $625, 000 worth of

/ equipment. : , . .
5.3.1. 3 Channel ATTocat1on from the FCC
The Tow power (< 10 Watts), medium bandw1dth (600 KHz) transmitter
and re?e1ver needed- to send data from hemote sites to the computer
center is not presently a commerc1a11y available 1tem -To date, the «
FCC (FederaT Commun1cat1ons Comm1ss1on) has not aTToEated channeTs
for data transmission of the_ type descr1bed above. S1nce the FCC
decides what the future of ccmmubications is to be, 'any innovative use
. of the radio freduency spectrum has to be.Tiéensed by - the FCC.
Researchers at the UniVersity of. Hawaii's ALOHA system have succeeded
1n obtaining two 100 KHz wide radio channels from the FCC cn an

experimental basis (38) These channels are being used as data links

between the Un1vers1ty s centraT comput1ng fac111t1es and remote

terminals Tocated throughout Hawa11. :Thus the FCC has been persuaded
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to giVe'mediun bandwidth data‘comm@nications a chance'to prove. its

usefulness. e

One possible approach to the FCC for the purpose of secur1ng
forward and a reverse channel to be used to d1str1bute one PLATO I

system wou]d be to f11e for the use of two UHF TV channels. S1nc

¢ o 1

these channels are 6MHz w1de, the return channel modulation tech 1que

1vou1d be one: employing bandw1dth expansion to reduce necessary --wer - .\'
/ 0
requirements. M1n1m1z1ng radiated power on the return channe] fjould
°

cut the cost of the transmitters focated at each remote site, 'dgnd.

might help to‘allay-Fqc fears that one or(more of the many'reg{rn

transmftters could malfunction and transhit data at the wronf/‘/

v frequency, interfering with other,bands.in'the frequency spgctrum.
5 3.7.4 UHF TV System Cost , o B /

Total system’cost is $625,000 + S ($f00), where S is/the number

£

/

of 'schools (remote receiver sites) in the PLATO IV system. Becaus

. the central station cost is about 900 times as large as/the renpte site .

costs we see that system cost does not vary. strongly ith varying S . {ﬂ§

(and thus w1th varying student popu]at1on density). For example, a B

| system with 50 schoo]s costs $660,000 while one with /200 schools costs
$765,0d0. Computing Cost/S.C.H. by (5.1) gives 8.5¢/L and 9.9¢/L where. \ '\Q
L is system 1ifetime“in years. - For L = 5 these costs are both 1ess‘,» |

than 2¢/S.C.H. . ' ' .' ; /

‘When-a school is.located in an obstructed sig na] ‘zone, so that it

can not send an acceptable s1gna1 back to the co puter repeaters can

~ be employed to "fill in" the service area. Each Fi11 1n" repeater »
would cost about $2,800; $1, 000 for.the receiver and transmitter and

$1, 366’¥;;\ayso foot tower, Most users' transm1ss1ons sent ﬁrom
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A
.within 70 miles of the computer center w111 be received whﬁh good

e/.,\ .

~ bit-error- ates (10” ) without use of repeaters. Even the cost of return
" channel repeaters is not a significant pqrt1on of total system cost.
In the»fo,ruard diree_tion, signal strength even iv‘aﬂeys will be -
sufficient to receiveVdata reliably because of the highfpower TV

/

trangmitter.
5.3.2 Network Emp1pying Microwave Broadcast._

This section designs and costs a de]ivery_network whieh uses
Tow-power microwave broadcast in the forward channel and the same
return channel equipment as the UHF TV system design in tne previous

k%ect%nn. ‘The equipment block diagram is-uiven.jn Figure 5.2. The

~ conventional TV transmitter,‘receivers‘andbantennas have been replaced
by MDS microwave equipment as shown in Figuré'S.Z. Recall that the
1mportant constraint for using this equipment is that there be an
unobstructed line of s1ght gath from the transm1tter antenna "to the

M

receiver antenna. Thus this system can be used on]y where/the \,7
topegraphy allgws. Using su1tab1y tall antennas, this - patn can be as
Tong as 40.mi{es/(31). - : 7!

* Data is sent in TV format on a microwave carrieruTreque\\y
(2150 MHz) at a radiated power of 10 watts from an omn1d1rect1ona1
antenna atop a 400 foot tower to high ga1n‘<é6d8) 4 ft d1sh antennas .
at the remote s1tes. Each site needs a recenver/downconverter to

-

extract the received TV ctiannel from the microwave carrier for input
I

///?/to the site controller.

We cay estimate the system cost from manufacturers' literature.
One company that offers the necessary, equipment for the forward chanpnel

‘ ' . : , /
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is MICROBAND Inc. of New York City. From this company, a-transmitter '
an; antenna cost $15,000, the 400 foot transmttter tower costs about
$10,000 and the remote receiver/down converter plds a four foot
d1ameter dish antenna costs $1,450 each in quant1t1es of 50 units (32).
The centra] computer site has its antennas mounted.on a 400 foot
tower to ach1eve forward-and return ranges of 40 miles w1th'10,watt
transmitters. The reduction in range from UHF TV's 70 miles to |
microwave's 40 miles is~due to Tower tower beight:and»]ower-transmitter
power (4q0Afeet versus 1,000 feet towers and 10 watt versus 30 KW-
transmitter power). . | '

13

Total equipment cost at the central transmission site is $25,500;
'$25,000 for the forward channeltelectronic equipment and $500 for )
the rece1rer gquipment.  Each school has $1 450 worth of receiver
equ1pment and $700 worth\bf transmitter equipment. Total system cost
comes to $25,500 + S ($2,150). Note the strong dependence of system
cost on S. Using equation (5.)) we compute the costs/S.C.H. of two
systems; one with 50 schools and one with 200 schools. tgsts/S.C.H.
are 1.7¢/L and 5.9¢/L. A lifetime of 5 years implies costs/S.C.H. of
.34¢ and 1.2¢. As in the UHF TV system, repeaters can be used to S

“fi11 in" poor reception areas. Due to the 1ower'power of the . R

microwave system forward and return channels fill in repeatershneed ,
: 4 .
be bidirectiona] The forward channel repeater costs $16,450; $15,000 °

: for/the transmitter and antenna and $1 450 for the receiver/down-

converter " The return channe] repeater costs $1, 000 (for its rece1ver/
// transm1tter and antenna) An antenna tower 400 feet taTl costs about

$10 000 so the total "f111 in" repeater cost is about $27,450.
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5.4 COMPARISON OF UHF TV AND MICROWAVE SYSFEMS
Cost$ computed in “the previous sections are graphed as functions
of S (the. number of remote schools in the sy%temQ in Figure 5.3. The
graphs assume no repeaters-arevused and represent_circulér service -
areas with radii of 70 miles for UHF TV and 46 miles For microwave.
Repeaters could beiemployed jg exteﬁ% the system coverage area.

Repeaters would be located at the puter edge of the primary recept1on

///////gpne and would radiate S1gnals accord1ng to the antenna patterns
_ shown in Figure 5.4 (39). The system coverage patterns in Figure 5.4
| indicate how five repeaters can be used to nearly double the radius
of the eoverage area. The.equipment'configurations for ektended'systems
is shown in Figure 5.5. | ,
When using repeaters, one needs to avoid multipath problems that

arise when multiple transmitters transm1t the same,smgna] on one

channel. The mu]tipfe emitters cause the receiver to receive multiple

"copies"'of the transmitted signel, each with a different prgpgggt%ﬁn
) ' ’ s

dalay and s1gna1 strength

One. solut1on to the mu]t1path problem is to translate the s1gna1

in frequency at the repeater, i.e. to rece1ve the transm1ss1on from

the central transmitter on channel A and then shift 1t to channel B for

rebnbadcast to the extended service area. Receivers at thée¢ remote
;/y i} » v , . . a . .
sites would then tune to whichever channel gijj;/fne strongest signal

in their area. -
L)

The problem with frequency trans]at1on/<s that several channe
~are requ1red and therefore thg’frequenc&// ctrum is used/?”

. inefficiently. B
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‘Another solo%fon to the multipath”prob]em is to use directional
antennas'at”the‘remote sites. By "aimingh the redeiver antenna at the
repeater rather than at-the central station, the mu]tipath problem is
kelfminated The directional antennas used can be mult1p1e e) ément
beams for the UHF TV system or prarbolic dishes for the. microwave
o= system. -

| This method eliminates the need for frequency translators at the

repeaters while dictating that all receiver sites use higher-cost,
high gain directional antennas. Thus ﬁHF TV remote sites everywhere -
0 even in the primary coverage area -- need to pay ‘about 50 dollars for -
| their d1rect1ona1 receiver antennas.‘ The microwave receiver antennas
are a]ready directiona] in the unextended system, so extending that
system by using repeaters does not affect system costs except to add . |
the cost ofythexrepeaters. ~Furthermore; one more "ring" of repeaters'
canfoe used to extend the radius of tne coveraoe area by another dmax’?
thus yielding a service eoverage area that can be approximated by a
circle with radius of 3 dmax. There are IQ‘repeaters in.the second

o o

ring. .

Both systems require repeaters for the return channels when -the,
radius of-thelservice area extends to more than the range'of the A
return transmitters This range d@bends on topography, tower heightg,_;
and other factors Jjust as the forward channel transm1ssion range

: does; 0ur cho1ce of 70 miles as/tﬁe .range of the return transmitters
for the' UHF,system is conser/afgve with respect to the theoret1ca1
rangé\of a 0-watt transmTfter The tOpography of some .areas will cause

’\ / a shorter range to be ach1eved while in other. areas greater ranges’

<

gould b ach1eved -Seventy miles js a convenient-choice for system

7 L3

I

: 95
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costing//be:;usgz?f1soequa1 to th forward channe] range'of the

UHF TV syst Thus everytime UHF TV system's radius 1s
increémented by a factor of ZO miles another r/nﬁ/of forward and
return repeaters is needed. Microwavé ems will add a ring of
forward and réturn repeaters every/ﬁo miles//// )

Using repeaters as‘outlined above, a one ‘ring extended microane

system can cover the same area as an unextended UHF TV system' The "

"/cost of extending the microwave system'is the cost of the five, two-way :

@

\
repeaters, $137,250. Figure S. 6 compares the cost/S C.H. of the

microwave system and.the unextended UHF TV system both of which are

capab]efof distributing a single PLATO IV system over a circular area’

“with a 70 mile radius. From Figure 5.6, we see that if'the'system is

to have more than 315 receiver sites (schoo]s) then the UHF TV system
is more economica] while for systems’ uith less than 315 receiver E
sites, the.extended microwavevsystem is less expensive. :

. Theﬁarea of system coverage for.the unextended UHF TV’and‘the
single ring extended microane systems is = (70 miles)2 = 15 400
square miles If we .assume that each student wii] get about 20 minutes

S

of PLATO 1nstruction per six hour day, we arrive at a student duty cyc]e
D = ?"' This 1mp11es that a system with 4032 terminals can serve .
80,000 students. . Thus we have 80,000 students in an area of 15 400
square mi]es for a:student population depsity of 5.2 students/square .
~mile. If the student population denSity is any smaller than 5. 2 we

must use an extended UHF TV/syStem or a multiple ring, extended .

a
//

microwave system o _
: As mentioned previously, extending the UHF Systan adds $50 to the

receiver site costs and-also adds the cost of five repeaters at

’
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$626,000 each In add1t1on the return channel needs repeaters.
Tak1n6//6 miles as a reasonable 11m t on the effective transm1ss1on
path for return data, we deduce tha the" number of UHF return repeaters"
is the same as the number of forward repeaters. Recall that the cost \
of a \retuvn repeater is $1,000-00_when 1t uses a forward/repeater
antenna tower. E ‘QQ\\\
" For a micrdwave system to cover the same service area as a sinele
ring, extended UHF TV system it will nlsg'three rings of two-way
repeaters. The threei%fhgs of two-way repeaters will have 30 forward
X repeaters and 30 return repeaters, each pair sharing a common tower.
Figure 5.7 compares the costs for the s1ng]e ring extended UHF TV
-system and. the triple ring ektended microwave system, each of which

is capab]e of serving a circular area w1th radius of 140 miles. By
the reasoning used before, this radius_corresponds to a student
population densit&-of 80,000}w (140)2 = i;3 stqgents'per square mile.
'Note that for systems with less than 2,004 remote sites the exteqqﬁd
m1crowave system is cheaper. Thus-unless we are to use the terminals
in the home, the extended,m1crowave system will be chosen over the
extended UHF TV system tor sparsely popu1ated areas.

5.5 CONCLUSIONS ' -

In this,ehagtgr}/ae present two UHF radio“s&stems capable of .
satisfying the communications requirements cf the PLATO IV CAI system
and compare the1r costs We ‘'show that communications costs/S.C.H. of
between 1¢ to 9¢ can be achieved through 1mp1ementat1on of the two
systems for serving up to 4,000 remote s1tes at d1stances up to 70 mt]es
from the computer center. This corresponds to serving an area with

an averade student'populatioh density of 5.2 students per square mile




\\ . r/w % /’
A e
o . . E ~. \

1

Popualx3 A1dI¥L pue AL 4HN Papualx3 u,“o $150) :/°G @uanbi4
N~ Vo ’ \

P - Voo

il . Y
- t

FN,.. s T

v
422

, _
, , . () "Wo's/ased .

IC

o~
o
L




drn channels, commun1catnons costs/S C. HN of’ between 2¢ and 17¢

;,'4///c ‘1d be4ach1eved'wh11e serving up to 4,000 remote Users located up to
| 140 m11es from the central computer This service area- represents an’
erage student population density of 1.3 students per square m11e

")
or more.

Eonparing the costs of¥the two¢networks reveals that for'stodent
Voopﬁlation densities of 5.2 students/square mile or more and.for less
_than 315 schools per PLATO IV system, the single riﬁt extended

;jn%crowdve system is iess;expensive. In.additkon, for student
populationqdensities of between 1.3 and 5.2 stodents per square mile,
the extended microwave network is the more economical as long as there
are fewer than about‘Z,gOO schools per “PLATO IV sy%tem.f Tﬁerefore,
unless eithe% the topography hampers the use of the micnbwave system
or ve;y 1arge numbers of remote sites must be connected (such as in
home use of terminals) the microwave system is preferab]e

. In computing commun1cat1ons ‘costs for the UHF TV and m1cro;a6e
‘\\systems in this cﬂepter, the costs of PLATO IV commun1cat1ons
";);gahipment (NIGTsﬂend Site Qontro11ers) was not included. Total

communications systems costs are computed in the following chapter.
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6. COMPARISON'OF PHONE;‘SATELL;TE AND RADIO SYSTEMS

o

6.1 INTRODUCTION METHOD OF COMPARISON

Q

In the prev1ous three chapters we have described how PLATO IV's

~commun1cation needs can be satisfied by phone lines, satellites and

radio.” This chapter compares the three technolog1es for delivering
Paa?b IV and gives a guide for choosing the most economical system to
be used in a g1ven s1tuat10n. |

Prevjous chapters ca]cu]ated communications costs of each of the

three types of d1str1but50n systems proposed as ‘functions of the number‘

of remote sites or the average distance from the remote sites 'to the

centrallcomputer; In order to cohpare the three systems;, this chapter
developSacostsfé.C.H. ‘curves as a function of student population
densitfr(SPD T We cpﬁse SPD ‘because real SPD's can be calcu]ated

from census data for each ftate in the United States; thus, our curves .

allow us to say where in the U.S. each techno]ogy is.cost opt1mum

2

‘SPD can affect the cost of a PLATO IV communications system: by

“varying th numberiwf schoo]s (and thus the humber of, say, satellite

ground stations or radio transceivers) or yarying the average distance

from school to centratl cqmputer.(causing ﬁreater phone line charges and

extending radio systems)t Therefore, it is necessary to determine haw

each of these| factors is affected by varying SPD to permit ca]culat1on

of costs versus SPD from costs computed in previous chapters. B
In the hlpes of obtaining a relationship between SPD and number

of schocls per PLATO IV system, we manually performed a linear ..

&

\ .
regression on‘state-by-state‘stat1stics on average student popula-

-

104
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found tt]e corre]at1on between these quantities, and therefq{e, for
the purposes of our calcu]at1ons, decided to set,the number of students/
school (and thus schools/PLATO Iv system) equa] to the average over aﬂl
statesJ That is to say, we ignored the possible dependence of \
systemfcost on SPD due to varying school sizes with varying SPD.

This assumption made, computing the dependence of system cost on
SPD dhe to varying average distancerbetween schools and the central
computer with varying SPD is a straightforward process. If it is

assumed that schbo]s are distributed uniformly throughout a circular

} serVQZej%rea with the computer in the center, the average distance

.‘between school and computer is computable as a fupction of the area of
system covehage. Moreover, the area of system coverage is‘directly
related to SPD\and the number of students/PLATO IV system. Thus
re]ationships for system cost versus SPD can be computed for each of
the three systems and. costs can be compared against a common base]ine

of SPD.

(5]

. Before undertaking these calculations, we modify one assumption
made 1in previous.cNEptersf To‘obtain results comparable to those in
PLATO literature, communication costs computed in previous chapters
did not accountijr the fixed costs of PLATO IV site controllers (sC's).
Howeyer, in order to make an honest comparison of the three systems'
communications costsz these costs must be considered, because they are
not the same for 511 three systems. Because the sate]lite and radio
systems use wideband forward channels each remote site has its own
site_cohtroller, and thus ft is possih1e to use site controllers

inefficiently. The phone system, however, uses narrowband forward




9
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channels with site controllers located at the computer center, and so

1t can use site controllers to fu11 capacity, one per th1rty-two'

‘terminals. Therefore, for comparisons made 1n_th1s chapter, we adjust

costs computed previously to reflect PLATO IV site controller and NIU
costs. ' L
y
In addition, one further discrepancy in previously calculated
systems costs has to be adjusted to make the cost comparisons valid.
The satellite system costs and te]ephone costs include maintenance and
operating costs while tﬁe radio-systems costs do not. Accordingly.

maintenance and operating costs were added to the radio systems' costs

\

at a rate of 20% of system cost per aﬁhum. the same rate charged for .

the satellite system in the STAMP, program. ;

_ Having compared. the Lommunications costs of the three delivery
‘techniques we ob%ain a gwide to the least expensive system for a given
SPD. ’

We support our results by demonstrating that they are {1rtua11y’\ ’
independent of excreme variations in the assumptions that were adopteg
to acquire them. -

The last section of this chapter sites a few modifications that
could be incorporated into the PLATO IV communication systems to cut
costs even further and increase reliability.

6.2 RELATING COMMUNICATION COSTS TO STUDENT POPULATION DENSITY

The previous three chapters describe how communications costs vary
with ‘the distribution of users. Pﬁ%ne systems costs are a function
of the number of terminals at the schools and distance of the schools

to the computer.  Satellite systems cost depend mainly on the number

~ S

iC3d
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of ground stations (schools).- It does not vary significant]f with the
area of system éoverage. UHF and mjcrowave radio systems costs vary
With both area of system coverage and with fhe number of schools.

In order to compare the communications cosfs of the three types of .
systems, costs for all of,the systems have to be expressed as functions
of a set of common pérameters. While it would be possib]e to plot the
systems' costs versus both number of remote sites and'érea'of coverage,
we decided to make the comparison more direci by expressing all costs
as functions of student population density (SPD) SPD is easily
computed for a given area from census data.\QQ‘

. To transform previously ca]cu]ated costs to costs as functions of
SPD, there are three relationships we must estab]ish

,1) the number of schools per PLATO IV system versus SPD.

2) the area of system coverage versus SPp.

3) thé average distance from school»td computer versus SPD. °
Having determined these relationships-we can express all costs'in terms
"of SPD and then compare. ’ '

The average number of schools per.PLATO IV system can be computed
as:

Average Number of Schools/PLATO IV System = | <

Number of Students/PLATO IV System »
Average Number of Students/School (6:1) !

-

where the number of Students per PLATO IV System is 4032-%3 and
p = student duty cyc]e and average number of students per school is
calculated 1n Table 6.1 (40, 41) for states in the United States.

LFrom (6.1) we see that the only possible dependence of number of remote

-
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Table 6.1 Computed Values of Average Number of Students/School
and Student Population Dersity for the U.S;.(4Q,4]), :

[

o v -

. ) Lot ~ Average

Number , ' " Average Number of
STATE of Schools Area Enroliment = SPD Students/School

Alabama 1384 51,609 850,157 16.5 " 614
Alaska 327 586,412 84,901 145 260
Arizona . 757 113,909 460,125  4.04 - 5 608
Arkansas 1251 ' 53,104 461,845  8.70 369
California 6968 158,693. 4,597,700 29.0 . 660
Colorado - 1177* 104,247 567,042  5.44 482

- Connecticut™ 1117 5,009 655,084 131. 586
Delaware ° 195 2,057 134,731 . 65.5 691
Florida 1950 58,560 1,515,298 25.9 777
Georgia 1815 58,876 1,148,361 = 19.5 633
Hawaii . 207 . 6,450 178,564 27.7 836
Idaho 561 83,557 187,590  2.24 334
I1inois 4599 56,400 2,324,516 41.2 505
Indiana 2198 36,291 1,223,747 33.7 557
Towa. 2066 56,290 660,409 11.7 . 320
Kansas 1782 82,264 549,412  5.68 308

" Kentucky 1544 40,395 723,767 17.9 469
Louisiana 1410 48,523 . 884,469 18.2 627
Maine 896 33,215 241,198  7.26 269
Maryland * 1306 . 10,577 924,257 87.4 708
Massachusetts 2490 8,257 1,147,561 139. . 461
Michigan ° 3905 58,216 2,164,386 37.2 554
Minnesota 1871 ' 84,068 - 934,032 11.1 500
Mississippi 1059 47,716 - 593,033 12.4 . 560
Missouri 2327 69,686 1,078,347 15.5 463
‘Montana - 147,138 180,218  1.22 --
Nebraska 2015 77,227 342,875  4.44 170
Nevada 245 110,540 123,694  1.12 505

New Hampshire 468 - 9,304 157,960  17.0 . 337
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Computed Values of Average Number of Students/School

il

)6

Average

SPD
196.

2.30
70.9
23.1 @

2.17

58.8°

9.20

5.13
52.7
154.

5.00

2,24
1.7
o
~ 3.68
10.5
27.2
12.0
17.1

7.9
883

and Student Population Density for the U.S. (40, 41)
(cqntinued) ,

. Number :

"~ . STATE of Schools = Area  Enrollment
New Jersey 2454 7,836 1,532,791
New Mexico 625. 121 666 279,348

"New York 4411 ' 49,576 3,513,432
North Carolina 2025 52,586 1,217,024
North'Dakota 825 70,665 ' 153,721
Ohio ' 4225 41,222 2,423,831
Oklahoma 1937 69,919 642,584
Oregan 1295 96,981 497,603

. Pennsylvania 4379 45,333 2,387,367
Rhode Island 383 1,214  '186,632
S. Carolina 1181 31,055 666,673
S. Dakota , 1021 77,087 172,616
Tennessee 1797 42,246 916,862

 Texas 5240 - 267,338 2,728,007
Utah ' 561 84,916 312,147
Vermont 426 9,609 101,262
Virginia 1788 40,817 1,108,973
Mashington 1693 68,192 820,482
W. Virginia 1375 24,181. 412,551
Wisconsin 2360 56,154 980,064
Wyoming | _397. 97,914 . 86,440

~ Totals 88,288 not computed 46,235,689 J{

AVERAGES - 1765 not computed not computed
e

574"

Average
Number of
Students/School

625
447

" 796
601

186
e

332
384 .
545 -

487 -’

564
169

510 - ‘\‘.
521 o e
556

238
620
485
300
415
218

23,763

485

o
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’ sites (schoo]s) per PLATO IV system on SPD is through the dependence h
of average number of students per school on SPD. ’

In order to determine.a functional re1ationship between average
student populatioh density and averageonumber of students per school,
we ca]culated "both quantities for each of the 50 states in the U.S. The
"~computed values and relevant data are given in Table 6.1. Since average‘i
student}population densities ranged from .145 students/square mile in-w
Alaska to 196 students/square mile in New Jersey, the log of student
population densitiesimas used for plotting/convenience. .

Figure 6.1 is alp1ot of the 49 data points (insufficient data were
_ given for Mdntana). ;fne plot shows no strong relationship'between the -
two quantitiesv Thelefore, for the purposes 6f our work, we use the
nationwipe average schoo] enrol]ment in (6.1) to determine the - average
number of sch% Ts per PLATO IV system. The nationw1de average

enr 11ment per SChzol is 485. .t a"

We can use this result to compute the average number of schools per

PLATO IV System by noting that: d
| (Avg. "Number of Students/School) (Avg. Number of Schoo]s/

PLATO 1V System) Number of Students/PLATO v System

; o = 4032 15 - (6.2)

[ < -~

where Avu. is the arithmeti&_average and D is the student duty cycle.

Using the nationwide averagernumberwof students per school of 485 and

= %U in (6.2) yie]ds an average number of schodls- per PLATO IV system
of 165. Having thHé set the number of remote sitéﬁiat 165 per PLATO 1V
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Noting from (6.2) above that each’system will serve about 80,000

-étudents when D = %5’ énd éssuﬁjng th:z7the,system wi1f\¢over.a

circular cqverage area in whlzh'the-s idents 1ive we cén deduce){

direct relationship between area of system coverage apd stude;
populatfon density (SPD) 1. e. '

Area of System. SPD = 4032. 5-- 80, 000 students / . (6.3)

or
(6.4)
Assqping schools

4
&~ s

where RS is the radius of the circular ‘coverage area.

are distributed un| fovm]y throughout the cirglilar coverage area, the
. - m,

average disgance from school to- computer cgnter is 3/4 Rs'

Thus we have é directire1éfionsh1p etween -the average distancé
“from,school to computer (or radius of /system coverage area) and
st;;:; population density. We havg also fixed the number of schog}éﬂ
PLATO IV system at} 165 so we re ngarly in,a position to plot the *

- ayerage commun1cat‘on costs/S C.H versus, S P.D. for the three Y
propOSed sys;ems for the purpose of comparison Before- qgmpariqg thes
cost; we must first adjust them tq';:jépct fairly in all threg syst 3

the costs of the PLAT

0,IV commuﬁica ons equ1pment (t

No:matter what type of distribution system is gSed four NIU's

will be q‘/Zéd D1fferences in PLATO AV ccommynic {fons equjipment costs

“are due to the relat1ve eff1c1ency in the se/gj}s1te’éontro]]ers

‘/’Because the: forward channels in the satellite’and radio systems\are ‘

w1deband, each schogl needs a s1te}contro]1er to separate its data

from the 4.8 MB/S stream. Distributing the 4032 PLATO IV terminals

109 o
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equally to.165 schools implies 24.4 terminals per~schooi. Thusfeach
. Y v e

S . . 24.4 :
site contro]]er {s.C.) Jis used, on the average, at-——z— x. 100%

r

’”;;///" - -eff1c1enzy as opposed to s1te cgn ro]]ers serving users 1n phone 11ne

-;// ¢1stﬁ1buted systems wh1ch serve th1rty;;wo termina]s anﬁ are therefore

/”ﬁseq\]OOZ eff1c1ent1y .

Amort125t1on adJustments were necessary in adding NIU and SC costs

a C #\,
‘ - '}-@.4
e i ) to the satellite system In a]] of our cost calculations except those
. , . N i ) - . ‘
" for the sate111te system. equipment is amortized~over a five year

S
Y

peniod;‘fifteen“yeans;aresused,in'sate]]ite system. To adjust:for the
‘.;*1 unequal’amortization period between the'PLATO,IV equipment (5 yeans)
| and~oﬁher sate]]itevsystem'equipment'(ls yeons) the usua1 costs»ofi‘

. ) # 5 year PLATO IV eduipment were tripled to account for 3 acquisitions..
K t‘ '%f 5 yean equ1pment over the 15 year sate111te system lifetime. The

b “-3tcost d1fferent1a1 between satellite and rad1o system;iVersus te1eph§ne

systems due\to 1neff1c1ent 5.C, use is $9, 000 (165 126) $351,000; |
AN yabout 9¢/S C*H Sett1ng the number of schoo]s to 165 and adding_the - . -

© $30, 000 NIU costs ‘the $9, 000 S. osts, and 20% ‘per annum’ operating ; /
b’and ma1ntenance;cost (for the r;z1o system only) to the costs computed
| in the previous chapters.we con use equatiom§’?6.2) through;(%.4) to
C ;,vp1ot cost/S;C.H.”versus S.P.D. for the.three systems. Figure 6.2
\%\5\\\\¥\' disp]ays\theeresu1ts; |
Eiig‘ | h " From Figure 6)2,'me see that the most economica1 system for
' “1popu1étion densi ties- from 1.3 students/square mile and up is the micro-
wevéFMDS. Asfnoted ean]ier, hoWeyer, we calculated this microwave

JUSS system cost by assuming favorab]e topography in the area to be served.

-, : Thqs, costs are subJect to 1ncreases in areas with unfavorable

A .m\.
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terrain-due to the need'tor reoeaters Moreover, rangeftmitations
preclude serV1ng the most sparse]y populated areas by rad1o The
. costs of the phone system level off at an SPD of 150 studgnts/square
mile; beyond that point 11ne lengths are 1es¥ than one miTe and charges
‘are assumed constant. - | x% e
| The'sate{\}te\system attains the 14¢/S. CEH %oost;beoause it i
shared by 35 PLATO IV’systems ‘This fact 1mp11es cp0perat1on of many
d1verselcd1tura1 political and geograph1ca1 commuh1t1es Should fewer

v‘A';

than 35 'PLATO IV systems be d1str1buted by a- sate{1@te system of the

magnltude descrlbeﬁ.1n our study costs ysdgnificantly. A
: Ty -
haring the two way satellite

system wyth only 17.5.PLATO IV systems

| - ,
.one with 35 PLATO IV
f }’;‘"

described'in'Chapter 4 would cost 48% more th
'systems or 23¢/S.C.H.

Extending sate111te systems coverage to/ an SPD of 1 student/square

T \:mile does not mean that a 14¢/S.C.H. communiCat1on cost can be

achieved whi]e serving a‘circular coverage a ea-with a radius of 3,000
miles. Rather it ihdicates'that-in the cong Jomerate of 35 PLATO
systems, users in at least one of them can be spread as sparsely as

;1 pervsquare~m11e. As an example a system could serve, among other_
states, Alaska (SPD = .14). | |

_ Even though -the telephone system is in general -the most expensive
-system, if PEATO IV CAf is to be introduced into a’sparsely populated
(SPD < 1.3) area, without cooperation of 35 PLATO IV systems of users
(2,822,400 students) needed to warrant a sate'lh"e system, the phone

system is the only way. Present long-range delivery of PLATO}by—

telephone reflects thi§ fact.
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4
A feel for the relative usefu]ness of: the three systems for | _

distributing PLATO IV.CAI to pub]ic schoo]s in the United States can be
obta1ned by consu1ting Figure 6. 2 which gives costs re]ative to SPD and
Figure 6.3 which shows the SPQ and rurai SPD for each state in the
United States.- Rural SPD has been calcul d as described in Chapter 4.
Figure 6.2 indicates that either satellite on\microwave radio systems
are the least costly over the entire range of student popu]ation ,/
deffsities to be found in the U.S. Satellite systems are best for .
d sities less than 1.3 students per square mile and microwave systems
a fe best for densities greater than 1.3.

. These results ref]ect the assumptions that were made in deriving-mf"i
them._ In particular the number of terminals‘per site.controller plays
an important role in affecting system costs; In order to determine"in
what manner our assumptions affect the relative communications costs
we performed a sensitivity anaTysis, described in the next'section.
. 6.4 SENSITIVITY ANALYSIS

6.4. 1~~§ariation of System Costs with Number of Termina]s Per School

Due to the assumptions we adopted in obtaining the comparisons '
of'the three communications networks in the previous section Figure 6.2

eXbresses costs versus SPD for areas that have the nationwide average

number of students per school (485) and thus the nationwide average

. . ~ ,
number of terminals per school (24.4). Table 6.1.demonstrates that
the average number of students per school varies over a range from 169

to 796. In adopting the nationwide average of.485 students per school

for obtaining the cdsts presented in Figure 6.2, we found that each

school,

with. its 24.4 terminals, uses its site controller in the radio
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| . and satellite systems at 75% efficiency. Even with this relatively -

- best. For SPD's of from .1 to 5.2 satellite and microwave systems

v -105- - o

. : R : Sy

inefficient use of site controllers the radio and satellite systems are

cheaber'thah phone systems, which use the S.C.'s at 100% efficiency.

If 1nstead of using the nationwide average numbérvof studeﬁts per :'

school (485) we use the minimum (169) there would be‘on]y eight

“term1nals per school. This causes radio and satellite system's site

‘controller efficiency to drop to gnly 25%, raising fhei; costs relative
to, phone systems.  Thus te]ephoné'systems compare more favorably. )
Figure 6.4 indicates %he costs of the three §ystems versus SPD when

the number of terminals per-site i§ eiéht.

| It is importént to note that whf]e we have changed the numbeerf
term1nals by a factor of three (twenty- four to eight), our ear11er
conc]us1ons about,wh1ch delivery system is the least expens1ve for a
given SPD remain relatively unchanged. Comparing Figure 6.4~tg§3
Figure 6.2, we see.that for anfSPD of 64 or more, the phone systeﬁ7 .
replaces midrowévevMDS. Moreover, for SPD's of between 64 and 5.2, UHF

TV is now cheaper than microwave MDS, but radio delivery is still thé

are still the most economical. . ' / -1
| Since Figures 6.2 and 6.4 1ndicape identical relative compariséns
for much of the range of SPD, we can conclude that ré]ative system
costs are not especially sensitive‘to variations in the number of
schools per PLATO IV system (alternately the number ofﬁfermina]s per
,'school) assumed in deriving them, }hus our using the nationwide
average number of students per school in arriving at 24.4 terminals

per school does not restrict our results presented in,FiQure 6.2.

3
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A\‘ 6.4.2 Variation of Re]atiye Cost Comparisons with-Radio Systems' Ranges
~ The compar1sons made in Figure 6.2 can also be affected by
\var1at1ons in the range of coverage of radio systems If we were to use
oo« ranges of twenty m11es for microwave and 35 miles for UHF TV instead of
forty and seventy miles costs wou]d be g1ven by F1gure«6 5. By

compar1ng the baseline system results in Figure 6.2 with those in -

Figure 6.5, we note that the effect pf this var1at1on is to shift the

radio~portion of the cost curves tocthe rdght, eonsequently increasing é -
- the..range of SPD ovea which satellite systems are the Jeast costly froﬁ ) d

.1 to 4 students per square mile. Otherwisevmicrowave syste@s are

still the least expensive. |

‘Figures 6.4 and 6.5 indicate that the relative comparisons and

applicability areas inferred by Figure 6.2 are not extremely sensitive

to variations in the two major assumptions adopted in calculating

these resu]ts The,ffdre Figure 6.2 can be used as a guide to the |

opt1ma1 commun1cat1ons network for an area with a given SPD. In : -1

particular Figure 6.2, can be used in conjunction with Figure 6.3 to

R predict areas of applicability of the communicatIons techniques we
have studied. % ’ '
6 5 MODIFICATIONS TO ENHANCE EFFICIENCY

The PLATO IV telev1s1on data.format imposes inefficiencies on its

— - communications networks. For example, Chapter 3 illustrates that an
, unnecessary stage of encoding-decoding is performed when distributing
PLATO via telephone; the NIU's put digital data in the TV format and
‘then the SC's}extfact the data from this format for transmission over -
.the phone 1ines. Thus the cost of the digital TV transmitter in the
NIU and the cost of the digital TV receiver in the SC ean be eliminated

X
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»for systems using telephone distribution, _Site Contro]lers cost $9 000 7/f

' ap1ece or 3.1¢/S.C.H. when used by 32 terminals 160 hours a month for
~five years. §11m1nat1ng roughly 50% of the SC cost by excluding the ‘
digital teievisﬁon receiver would save about a penny and a half per

¢ Student contact hoﬁr

The TV encoding decoding process, besides being unnecessary is a]so

an inefficient modu]at1on scheme;/ The syncron1zation s1gna1s used in
et

a TV signal take transm1ss1on capacity which could be used for data.

Every horizontal scan takes 63.5 microseconds - 10 of which are used

for the horizontal syne pulse, and a 1.2 millisecond vertical sync

pulse occurs onCe every. 262 horTantal scan lines (16 6 m1111seconds)

“*\

By occupy1ng 23% of the avai]ab1E\6 MHz channel capacity the sync
pulses limit channel efficiency to 77%. Therefore, although a TV

channel has a 6 MHz bandwidth and can accommodate a 6 MB/S data stream ‘

with a one bit per hertz channel encoding efficiency, sync: pulses reduce

" the channel’s dJ%a capacity to only 4.38 MB/S. _ ‘ (

We suggest fhat, in o?ﬁer to minimize both the delay and the
amount ‘of radiated power necessary in satellite distribution systens;
the .TV format could be replaced by convolutional encoding-Viterbi \
decod%ng‘(42). ConveTutiona] codes are forward error c0{rection codes;

many errors can be detected and corrected at the receiver site. :

_ Forward error correction is a desireable feature for satellite links,

bgcause it greatly reduces the amount of retransmissions (end de]ays)
czkged by errors. Moreover, convolutional coding-Vi}erbi decoding has.
been shown to oberate at the same bit-error-rate as an uncoded |

technique while using less than half as much power (43). Therefore,

119
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by app1y1ng this cod1ng techn1que to the sate11f£e;systems déscribed in
'Chapter 4, the system could -use e1the>>sma11er antenaas or 1ower ;o
power transmitters to achyeve a cost reduct1en.. This cost reduction
could be gﬁeater than the;cost of the encoder/decoders (43).
| The TV format should most Tikely be retained for UHF. v distr1but1on
\of PLATO IV because it allows low-cost, convent1ona1 receivers to be-
ed. However, the TV Eh?mat is unnecessary for the m1crowave MDS~
d1'tr1but1on systems, since data could modurate the m1crowave traps—
mitter in an uncoded format and thus e11nn%ate the need for decoding |
the data .from the TV format at the receiver sites as is presently
performed by-the-SC As in the mod1f1ed telephone d1str1but1on system
~.a substantial portion of the NIU and SC costs could be e11T/nated

decreas1ng cost/S.C.H.

120
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Tb{s thesis pr ents the re#éZts of a study of communicat1ons

It descr1bes the communﬁcatiqns requ1rements -of PLATO fv demons rates .
hpw/these«requ1rements can he satisfied by several different n tworks,
and computes- costs for each network. It presents costs per Atudent

contact hour (S.C.H.) to be consistent -with the terminology’ used by

other researchers in the field. .

. N )
The networks studied used leased telephone lines,/satellite, or

microwave or UHF radio to deliver PLATO IV CAI. The work has specified
the conditions under which each of these networke is cost optimum. In

additjon,'it has applied these results to desjgn networks for PLATO IV

distribution to primary and secondary publi¢ schools in the United States.

By computing communication costs as functions of student population

density (SPDé for each network, and b presenting a map of the U.S. that

gives the rural and average SPD of ach state:‘the thesis has provided

a gu1de11ne for deciding wh1ch of’the systems is most cost effective for

X

a g1ven geOgraphica1 area.

The networks deS1gned rh th1s thesis achieve communication costs per .

S.C.H. well under the 25- 30¢/S C.H. tota] cost goal of PLATO IV designers.
This fact suggests that the networks presented would be viable if they
were implemented. It also points out the'usefulness of a study of this

type, since present PLATO commun1cation methods often cost many t1mes

.
<

more than this total cost goal,

The work shows that-microwave radio broadcast systems are the

1east expens1ve for SPD's of 1.3 students per square mile and higher,

121
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when there are twenty four teyminals located at each receiver si :
- The costs of these microwave’networks range from 6¢/S C.H. to lééjs C. H
Despite the1r attractive oosts, however, microane systems are 1imited gd
in a number of ways. The microwave system: can only serve areas with |
7 average student pOpulation dehsities above 1. 3, because the range/is.
.“E// limited by the curved earth‘ Moreover, repeaters may be needed to .
! i prov1de service to/users who are located in vaTleys\br behind
obstructions and /are unab]e to receive reliable data from either the

" central transmitter or from one of the range extending. repeaters.

Therefore, emb]oying microwave data distribution in hilly areas costs

more than 06} results predict This theSis proVides enough information ’ L

to estimafe fill-in repeater costs for a given region._ In addition,

another/difficuity in imp]ementing this delivery scheme'might be in

s

obtaining new FCC al]ocations for the return data channe]s required

tike.the microwave.system, UHF TV data broadcast’ ‘systems are

i range-limited: Because the UHF systems use higher-powered -transmitters

andllower freguencies, they enjoy a range nearly doub]e'that'of

; ‘microwaye systems, and they are less sensitive to obstructions. UHF
systems are characterized by good range (seventy miles without
repeaters), expensive transmitter stai:on} and inexpensive receivers.
For ranges up to seventy miles (SPD's greater than 5.2) UHF TV systems
with twenty-four terminals per school cost 8¢/S.C.H. - within 2¢/S.C.H.
of the-microwave systems. Ertending a UHF TV systém (for ranges .

greate; than seventy miles) raises its cost to 24¢/S.d;H., higher.

than both microwave and satellite systems. Since the UHF TV systems

- are less sensitive than microwave systems to terrain variations and

cost only a penny_or two more per S.C,H. than microwave systems with
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et : no/fiii ~in repeaters, for SPD S greater than 5:2, they should be )
R " considered as aiternatives tofmicrowave Systems for hilly areas with )

SPD's 1in this range. However, the UHF TV systems also might need new
A .

FCC aiiocations-for Teturn channeis

Sate 1ite systems achieve a 14¢/S C.H. cost for networks with .
' twenty four terminais per school 1in sgarseiy popuiated areas. This' &
T cos caiculation assumes that a large (2. 7 miiiion students) user group
in states with rurai student populatiornt densities from .21 to 3.82
students per, square miie shares the satellite costs. Many institutions
would have'to cooperate to form _such a large group; this is the most |
’ significant obstacle to the im%%ementation of a 1ow-cost sateiiite !
. d1str1but10n nefﬁork The intrinsic propagation delay of s}t 11ite
. Tinks might require a redesign of the student terminal to retain the
rapid CAI interaction of the present PLATO IV system.
Phone systems do :not offer the minimum cost of the systems in
'question forvany range of SPQ/when there are twenty-four terminals
- per schooi However, there are two cases when the use of 1eased
phone Tines is justified When SPD is less than 1.3 students per.
square mile, and a large sateiiite user group can not be mustered
telephone systems are the oniy aiternative. though they cost over

50¢/S.C.H. Moreover, when there eight terminais per remote site,

phone Tines are best for ranges less than fifteen nﬁiesx anq in this
case they offer costs less than 15¢/S.C.H. If even fewe;mierminais
. per remote Site are’%o be used the range for cost-optimum use of the
4te1ephone system increases.

In order to test the sensitiv1ty of our resuits to the assumptions

adopted in deriving them, a sensitivity anaiysis was performed This

1
L]
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, > 'analysis demonstra;ed that, a]though the abso]ute costs of the various

'conmunicatioh techniques varied with fluctuations in our assumptions,

|
r
|
the ge]ations between costs remained fa1r1y consistent Therefore the l ‘
e
.gu1d line deve]oped 1n this thesis under the assumption of a homogeneous i

' user distribution can be used to find the least expensive communication

-'network for distributing CAI to pub11c schoois in areas w1th inhomo-

' geneous user distributions o I i , ' »

3

We also noted that the currently used PLATO IV TV- data format is |
_innefficient for“telephone, sateMite and microwaye radio systems.
'i°GonseQuentTy we suggestjthat it be rep]acediby'a more efficientitime
ivision'multipiexing scheme; Howgyer;’because]the TV format allows the
' use"of inexpensive commercial teieuisionmreceiyers'at re te.sifes in
-g{' o . UHF TV broadcast systems, it should be retained/T//thesE‘systems when a

gr(

re]atively 1arge number of terminais exist at each site to~share the —
" site contro]]er cost. Those systems that~d1spense w1th the TV-data f
format will enjoy a cost sav1ngs byoeiiminating the TV encoding'ﬁnd“””’/// d
- decoding equipment For the sateiiite systems the TV-data format might
'ﬁ*:p‘cost effective]y be rep]aced by convolutional encoding- Viterb1 decod1ng
n thqestechniqge aiiows for the use of 1ower powered transmitters or

. A » ,\
smaller antehnas to offer a cost sav1ngs _ RS

o W A v . . \
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